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Abstract 
 
Mapping a Chemical Journey through the United States Chemical Management System 
 
by 
 
Beverly Shen 
 
Doctor of Philosophy in Environmental Health Sciences 
 
University of California, Berkeley 
 
Professor S. Katharine Hammond, Chair 
 
 
Since the phase-out of the historically-used polybrominated diphenyl ethers because of growing 
evidence of their negative health and environmental impacts, current-use organophosphate flame 
retardants have re-emerged to replace polybrominated diphenyl ethers. However, very little is 
known about organophosphate flame retardants. This process of replacing suspected harmful 
chemicals with understudied alternatives is common. Many chemicals are largely unstudied 
before they are introduced to consumer products and the environment, and are unregulated. 
Scientific research has revealed potential negative associations between health and certain 
chemicals, such as flame retardants. Subsequently, these chemicals are either banned or phased 
out. Other chemicals with unknown health repercussions potentially replace their banned or 
phased out predecessors (legacy chemicals) and are often structurally similar to the previous 
iteration or are structurally similar to other chemicals with adverse impacts on health.  
 
This dissertation maps a typical chemical’s path within the United States chemical management 
system. I chart this process, focusing on flame retardants, by measuring the level of 
contamination of the legacy flame retardants, polybrominated diphenyl ethers, and the re-
emerging organophosphate flame retardants in fire station dust across the United States. Then, I 
evaluate the association between maternal urinary levels of organophosphate flame retardant 
metabolites and their effect on sex hormones in male children at age 12. Finally, I present what 
the electronics industry is currently doing to avoid regrettable substitutions and discuss the need 
to combine risk assessments with alternatives assessments. 
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Chapter 1 – Introduction 
 
1.1 Dissertation overview 
 
This dissertation traces a chemical journey through the United States chemical management 
system. The research presented within captures the consequences of failing to follow the 
precautionary principle, which proposes that preventative measures should be implemented when 
an activity or policy increases risk of harm to human health or the environment even when 
effects are unknown.1 My research maps this chemical journey in sequential stages beginning 
with the phase-out of a chemical (Chapter 2), to the reemergence of a replacement chemical 
(Chapter 3), and ending with practices to appropriately assess chemical substitution (Chapter 4).   
 
1.2 Flame retardants 
 
Flame retardant chemicals are synthetic chemicals used to delay the ignition of fires. They are 
commonly used in materials such as building insulation, electronics, and furniture. Many flame 
retardants are not chemically bound to their final products and can easily escape into the 
environment.2 Widespread use of polybrominated diphenyl ethers (PBDEs) in the United States 
began in the 1970s. Voluntarily phase-out of PBDE use in the United States began in the 2000s 
as Europe banned their use and concern over their persistence,3,4 bioaccumulative,4–6 and toxic 
properties grew. Research associated exposure to PBDEs with reproductive issues in women7,8 
and men,9,10 and more recently, diminished neurodevelopment in children.11–16 PBDEs have been 
widely used in the United States and though their use has been phased-out as a result of European 
and Californian regulatory action, they are persistent organic contaminants that migrate to indoor 
environments and outdoor environments.17 They have been found in indoor air,18 indoor dust,19,20 
and food.21,22 The commercial use of organophosphate flame retardants (PFRs) has increased as 
an alternative to PBDEs.23 PFRs have also been found in indoor air24 and indoor dust.25 PFR 
animal toxicity research suggests associations with endocrine disruption26,27 and at least one PFR, 
tris(1,3-dichloro-2-propyl)phosphate (TDCPP), is carcinogenic to humans.23,28 Flame retardants 
are ubiquitous and PBDEs have generally been found at higher levels in the air and dust of 
workplaces than in residential homes.17 For example, high PBDE concentrations have been 
found in the dust of electronic waste recycling facilities29 and offices.30 Likewise, PFRs have 
been found in higher concentrations in the dust of electronic waste recycling facilities and in 
homes near electronic waste sites compared with homes far from electronic waste sites.31 
 
1.2.1 Flame retardants and firefighters 
 
PBDEs have also been found at comparably higher levels in Southern California fire station dust 
than in other occupational settings and residential homes.32 Similarly, high PBDE concentrations 
have been found in the serum of firefighters from Northern and Southern California as compared 
to non-Californian firefighters33 and NHANES.34 The sources of these high PBDE levels in the 
firefighter work environment and firefighter serum are still unknown though some studies have 
postulated that track-back from fire suppression sites32 and cleanliness of turnout gear34 could be 
potential sources for the high levels seen in dust and serum, respectively.  
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Firefighting remains a dangerous occupation with firefighters experiencing a wide range of 
occupational health hazards, from ergonomic hazards35–37 to post-traumatic stress37–40 to 
overexertion.35 They are also exposed to a wide range of chemicals during fire suppression, 
active extinguishing of fires,41–47 and fire overhaul, which involves searching for hidden fires 
among debris left after fire suppression.48–51 While firefighters are exposed to many occupational 
hazards, physical and chemical alike, during fire suppression and overhaul, they also spend a lot 
of on-shift time at their fire stations where a similar exposure scenario to flame retardants exists 
as that for residents at home. However, elevated PBDE concentrations found in the California 
fire stations32 and in firefighter serum33,34 suggest that firefighters are potentially exposed to 
higher levels of flame retardants than the general population. 
 
While injuries associated with physical effort, such as ergonomic issues and overexertion, persist 
as threats to firefighters, chronic illnesses that may be associated with firefighting also 
compromise firefighter health. Studies examining the relationship between firefighting and 
cancer cases have found that firefighting may lead to an increased risk in several cancers 
including lung,52 leukemia,52 testicular,53–55 prostate,54,55 multiple myeloma,54 and malignant 
mesothelioma.56 Though these epidemiological studies elucidated cancer risk associated with 
firefighting, they did not measure chemical exposures; instead, they measured surrogates of 
firefighting exposure, such as total days and hours spent firefighting. Surrogates of firefighting 
exposure are informative in their own right, but assessing chemical exposures experienced by 
firefighters could further inform epidemiological studies focusing on incidences of cancer, 
particularly because firefighters are exposed to known carcinogens such as polycyclic aromatic 
hydrocarbons (PAHs), benzene, and formaldehyde, during fire suppression and overhaul.46,49 The 
time spent at work for a firefighter not only includes fire suppression and fire overhaul, but also 
on-shift downtime spent at the fire station. Fire station dust has been shown to contain high 
levels of PBDEs.32 The high levels of PBDEs found in firefighter serum33,34 also highlight 
exposures that may lead to health endpoints that are non-cancerous. Understanding the extent to 
which firefighters are exposed to a broad range of chemicals is especially critical in light of 
finding an increased risk of malignant mesothelioma, a disease that is mainly attributed to 
asbestos exposure.57 
 
1.3 Chemical management in the United States 
 
The chemical industry has produced trillions of pounds of chemicals, including flame retardant 
chemicals since World War II, with more than 80,000 registered chemicals that are currently in 
production.58 Industry and modern society have benefitted greatly from chemicals. Despite this, 
little is known about the toxicity and safety of the numerous chemicals in circulation. Regulation 
surrounding safe chemical use in the United States has long been considered insufficient.59–61 
The Toxic Substances Control Act of 1976 (TSCA) oversees the safe use of chemicals in the 
United States and is the primary environmental law regulating chemicals in the United States. 
When first implemented, TSCA grandfathered in the approximately 60,000 existing chemicals at 
the time, including flame retardant chemicals, allowing them to remain in use without requiring 
evaluation of the potential health effects of these tens of thousands of chemicals.61 Though TSCA 
was recently amended in 2016, it still does not require chemicals to be tested for safety before 
they are introduced to the market. Furthermore, the burden to prove that a chemical is unsafe lies 
with governmental agencies like the United States Environmental Protection Agency (US EPA) 
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rather than the chemical manufacturer. As a result of this safety loophole in TSCA regulation, 
very little is known about the toxicity of the 80,000 chemicals used worldwide. This has led to an 
interesting iterative process of cycling through chemicals when one is suspected to be harmful 
and is removed from the market for a certain application. Flame retardant chemicals are one such 
class of chemicals that have seen several iterations since their introduction to manufactured 
materials in the 1970s. 
 
The US EPA has tried to address the data gaps in chemical safety research through their 
Chemical Safety and Sustainability program. This research plan proposes the sustainable 
development of safer chemicals62 to consider the full effects of a chemical before it is released 
into the market. Furthermore, the EPA included the PBDE congener, BDE-209, on its Voluntary 
Children’s Chemical Evaluation Program (VCCEP).63 Though this research plan addresses flame 
retardant chemicals, it does not address all the chemicals that are currently registered under 
TSCA and currently in production.  
 
1.4 Chemical alternatives assessments and life cycle assessments 
 
The US EPA has used chemical alternatives assessments to identify safer alternatives for 
problematic flame retardants in printed circuit boards. Industries, like the textile and garment 
industry and the electronics industry, also use chemical alternatives assessments to “green” their 
manufacturing processes to improve occupational and environmental safety. Chemical 
alternatives assessments compare hazards among viable alternatives and ideally, include life 
cycle assessments (LCAs). Life cycle assessments (LCAs) are used to identify and potentially 
reduce a product’s environmental and health impact at each stage in its life, from resource 
extraction to manufacture to distribution to use to disposal (i.e., from cradle to grave).64 They can 
also be applied to chemical classes such as flame retardant chemicals. As a product or chemical 
runs through the course of its life, it generates inputs and outputs at each stage. These inputs and 
outputs can be captured quantitatively to compare the advantages and disadvantages at each life 
stage. The environmental impact at each life stage is separated into categories such as climate 
change, acidification, human toxicity, exposure, and risk. LCAs are used to recognize and solve 
problems throughout a value chain without shifting burden from one environmental impact to 
another environmental impact.65 
 
For public health, the most relevant impact category evaluated within an LCA is human toxicity 
and exposure. In the current LCA framework, exposure assessments to determine human health 
impacts focus on outdoor emission sources and do not evaluate indoor consumer or occupational 
emissions and exposures.66 Ignoring indoor consumer emissions and exposures could 
underestimate the environmental burden experienced by the general population, while 
overlooking occupational emissions and exposures could shift environmental burden from the 
general population to the working population.67 Efforts to integrate occupational exposures have 
relied on inhalation measures as experienced by workers in metal degreasing, dry cleaning,68 and 
the vehicle repair industry.69 Inhalation is an important pathway for occupational exposures. 
However, occupational settings such as fire stations approximate residential settings where flame 
retardants are more likely to enter the body via ingestion.70 Thus, pathways such as dermal 
contact and ingestion could also play a large role in exposing workers. Disregarding other 
pathways of exposure could underestimate occupational exposures.68  
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1.5 Research objectives and chapter overview 
 
My research objectives are: 
 
Chapter 2 – To describe the contamination of the legacy flame retardant, polybrominated 
diphenyl ethers, and the re-emerging organophosphate flame retardants in fire station dust across 
the United States.  
 
Chapter 3 – To evaluate the potential health effects of the re-emerging organophosphate flame 
retardant, evaluating the association between maternal concentrations of flame retardant in urine 
and levels of sex hormones in male children at age 12. 
 
Chapter 4 – To compare the risk of harm between two chemicals considered for a manufacturing 
processing step within the electronics industry and discuss the need to combine risk assessments 
with chemical alternatives assessments in selecting safer substitutions for chemicals of concern. 
 
I summarize my research findings in Chapter 5, and discuss implications of my research findings 
and future research needs. 
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Chapter 2 – Organophosphate flame retardants in dust collected from United States fire 
stations1 
 
2.1 Abstract 
 
Firefighters are exposed to chemicals during fire events and we previously demonstrated that fire 
station dust has high levels of polybrominated diphenyl ethers (PBDEs). In conducting the Fire 
Station Dust Study, we sought to further characterize the chemicals to which firefighters could 
be exposed – measuring the emerging class of phosphorous-containing flame retardants (PFRs) 
in fire stations, for the first time, as well as PBDEs. Dust samples from 26 fire stations in five 
states were collected from vacuum-cleaner bags and analyzed for PFRs and PBDEs. PFR 
concentrations were found to be on the same order of magnitude as PBDE concentrations 
(maximum PFR: 218,000 ng/g; maximum PBDE: 351,000 ng/g). Median concentrations of tri-n-
butyl phosphate (TNBP), tris (2-chloroisopropyl) phosphate (TCIPP), and tris(1,3-
dichloroisopropyl)phosphate (TDCIPP) in dust from fire stations were higher than those 
previously reported in homes and other occupational settings around the world. Total PFR levels 
did not vary significantly among states. Levels of TDCIPP were higher in stations where vacuum 
cleaners were used to clean surfaces other than the floor. PBDE levels were comparable to those 
found in our previous study of 20 California fire stations and much higher than levels in 
California residences. PFR and PBDE levels in fire station dust are higher than in other 
occupational and residential settings, underscoring the need to identify and control sources of 
this contamination. 
 
2.2 Introduction 
 
Flame retardants have been used widely in United States consumer products such as furniture 
foam, plastic electronics casings, and even clothing since the 1970s with the intention of 
delaying the ignition of fire.4 Concern over adverse health effects, persistence, and 
bioaccumulation has led to the phase-out of one class of flame retardants known as 
polybrominated diphenyl ethers (PBDEs)4 and phosphorous-containing flame retardants (PFRs) 
have emerged as replacements in the commercial market.25,71 The effects of PFRs on human 
health have not been well described, though animal research suggests these chemicals may act as 
endocrine disruptors.26,27 The chlorinated PFRs tris(chloroethyl)phosphate (TCEP), tris (2-
chloroisopropyl) phosphate (TCIPP), and tris(1,3-dichloroisopropyl)phosphate (TDCIPP) have 
been associated with carcinogenicity in animals;23,28 rats fed TCEP for two years developed 
kidney tumors and rats fed TDCIPP for two years developed tumors of the kidney, liver, testis, 
and adrenal gland.72 PFRs have been found in the indoor air73,74 and dust74,75 of multiple 
microenvironments,23 including work environments; however, PFRs have not been previously 
measured in fire stations.  
 
Firefighters experience a wide range of occupational health hazards, from ergonomic hazards35–37 
to post-traumatic stress37–40 to overexertion.35 They also may be at increased risk for leukemia,52 
 
1 This manuscript has been published: Shen B, Whitehead TP, Gill R, Dhaliwal J, Brown FR, Petreas M, Patton S, 
Hammond SK. Organophosphate flame retardants in dust collected from United States fire stations. Environment 
International. 2018, 112, 41-48. 
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testicular cancer,53–55 prostate cancer,54,55 multiple myeloma,54 and malignant mesothelioma.56 
Firefighters are exposed to a wide range of chemicals including flame retardants76,77 while they 
actively suppress fires41–47 or check for hidden fires after completing fire suppression.48–51 
However, firefighters spend a considerable amount of on-shift downtime at their fire stations, 
where their exposures to chemicals have not been well characterized.  
 
In 2010-2011, as part of the Firefighter Occupational Exposures (FOX) study, concentrations of 
PBDEs, novel brominated flame retardants, polycyclic aromatic hydrocarbons (PAHs), and 
polychlorinated biphenyls were measured in dust samples collected from the vacuum cleaner 
bags of 20 fire stations in Southern California.32,78 The FOX study found elevated levels of BDE-
209, in particular, when compared to other occupational and residential settings. Specifically, the 
FOX study found that median BDE-209 concentrations were 18-fold higher in dust from fire 
stations than in dust collected during the same time period from California residences and 
analyzed by the same methodologies.32 This, along with the elevated PBDE concentrations in the 
blood of FOX participants,33,34 indicates that California firefighters are exposed to higher levels 
of certain PBDEs than the general population. 
 
In this follow-up study of 26 additional fire stations from five states, concentrations of PFRs 
were measured in fire station dust for the first time. The presence of high levels of PBDEs in 
dust from California homes has been reported in multiple studies,25,79 likely as a result of 
California’s unique flammability standards. Correspondingly, this study sought to evaluate 
whether California fire stations had uniquely high levels of PBDEs or if elevated PBDE levels 
were also present in fire stations located in other states. 
 
2.3 Materials and Methods 
 
2.3.1 Fire station recruitment. In 2015, the Fire Station Dust Study (FSDS) worked with the 
International Association of Fire Fighters (IAFF) to recruit five fire stations from each of five 
states (California, Minnesota, New Hampshire, New York, Texas). An additional pilot fire 
station from California was used to refine sampling protocols prior to launching the study. 
 
2.3.2 Dust sampling. We collected bags from vacuum cleaners used for routine dust removal in 
the living quarters of 26 fire stations in 2015. We mailed sampling packets to each fire station 
and included: 1) a sampling protocol describing how to seal and ship the vacuum bag; 2) a re-
sealable 36 cm x 61 cm x 0.2-mm thick polyethylene bag to contain the vacuum cleaner bag; 3) a 
questionnaire acquiring general fire station information and fire station cleaning practices; and 4) 
a preaddressed, prepaid envelope in which to mail the vacuum-cleaner bag to the Environmental 
Chemistry Laboratory at the California Department of Toxic Substances Control (DTSC) in 
Berkeley, California. We received a total of 26 vacuum-cleaner bags, including the vacuum-
cleaner bag from the pilot fire station. Samples remained in the polyethylene bag at room 
temperature at DTSC until analysis. 
 
2.3.3 Surveys. Fire station personnel completed a survey about the brand and model of their 
vacuum cleaner as well as the cleaning protocols they use for fire engines, fire stations, and 
turnout gear in an attempt to capture potential determinants of flame retardant concentrations. 
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2.3.4 Chemical analysis. Dust samples were sieved to remove fibers and debris larger than 150 
μm. The extraction method was adapted from a previously described method.80 Briefly, we 
weighed approximately 50 mg of the resulting fine-dust fraction, spiked it with a mixture of 
labeled internal standards (Supporting Information, Table S1) and extracted the analytes by 
sonication in a 3:1 hexane:acetone solution. The extracts were cleaned using Florisil column 
chromatography, then solvent-exchanged into isooctane and spiked with two labeled injection 
standards (Supporting Information, Table S1) yielding final extract volumes of 100 μL for the 
PBDE fraction and 1mL for the PFR fraction. We analyzed the samples in three sample batches: 
the first two batches contained nine dust samples and the third batch contained eight dust 
samples. Each sample batch also contained a duplicate, two method blanks, a laboratory control, 
and a standard reference material (NIST SRM No. 2585; Supporting Information, Table S2). We 
analyzed the extracts for five PFRs using electron impact ionization mode gas chromatography-
tandem mass spectrometry.81 We also analyzed 18 PBDEs via high-resolution gas 
chromatography-mass spectrometry operated in electron impact ionization mode, following the 
same analytical protocols we described in the FOX study for dust samples collected from 
Southern California fire stations32 and reference California homes.82 We calculated method 
reporting limits (MRLs) as three times the standard deviation of the method blank values for 
each analyte from three sample batches. 
 
2.3.5 Statistical methods. Summary statistics and figures were generated using Microsoft Excel 
(Microsoft Office 2011 for Mac OS X). Statistical analyses were performed in R (R Core Team. 
2016. R: A language and environment for statistical computing. Vienna, Austria: R Foundation 
for Statistical Computing). Pearson correlation coefficients were used to evaluate the 
relationships between analytes. To characterize the geographic variability of the flame retardants, 
we estimated within-state (σ2w) and between-state (σ2b) variance components and then calculated 
two descriptive ratios using the following equations:  
(Eq. 1)     Lambda, !	 = 	 $%&$%'  
(Eq. 2)     Intraclass correlation coefficient, (	 = 	 $%'$%'	)	$%& 
We tested for differences in flame retardant levels by other explanatory factors (including age of 
building, turnout gear cleaning policies, turnout gear storage policies, and vacuum cleaner usage) 
using ANOVA. Chemical concentrations were log transformed prior to analysis. Significant 
associations were determined at α ≤ 0.05. 
 
2.4 Results and Discussion 
 
2.4.1 Characteristics of fire stations. A survey was returned by 25 of the 26 fire stations (6 of 6 
from California, 5 of 5 from Minnesota, 5 of 5 from New Hampshire, 5 of 5 from New York, 4 
of 5 from Texas). About half (56%) of the fire stations were built before 1970 and the rest (44%) 
were built after 1970. Most of the fire stations had turnout gear cleaning policies (80%) and 
designated areas for turnout gear storage (92%). In 68% of fire stations turnout gear was stored 
in the apparatus bay, in 4% in the living quarters, and in 12% in another space (16% of fire 
stations did not respond to this question). Turnout gear was stored in an enclosed area in 65% of 
the fire stations, but only 45% of the fire stations had ventilated storage areas. Turnout gear was 
explicitly banned from 92% of the fire stations’ living quarters. 
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2.4.2 Concentrations of flame retardants in dust collected from FSDS fire stations. We detected 
each of the five PFR compounds in each of the dust samples with concentrations ranging from 
177 ng/g to 218,000 ng/g (Table 1; Supporting Information, Table S3). 
 
The highest measured PFRs were on the same order of magnitude as the highest measured 
PBDEs (maximum PFR, TDCIPP: 218,000 ng/g; maximum PBDE, BDE-209: 351,000 ng/g). 
TDCIPP and TPHP were the dominant PFR compounds in the dust samples; TDCIPP 
represented at least 50% of Σ+	PFRs for eight dust samples and TPHP represented at least 50% of Σ+	PFRs for six dust samples (Supporting Information, Figure S1). TDCIPP was the highest 
measured PFR in 15 of 26 samples, TPHP was the highest measured PFR in 10 dust samples, 
and TCIPP was the highest measured PFR in one fire station. 
 
We detected each of the 18 PBDE congeners in each of the dust samples with concentrations 
ranging from 1.22 ng/g to 351,000 ng/g (Table 1; Supporting Information, Table S3). BDE-209 
was the dominant congener found in most of the dust samples followed by BDE-47 and BDE-99; 
for 21 dust samples, BDE-209 concentrations represented at least 50% of Σ,-	PBDEs 
(Supporting Information, Figure S2). 
 
2.4.3 Differences in chemical levels within and between states. None of the PFR compounds 
measured had statistically significant differences among states (Table 2). For some of the flame 
retardants, the within-state variance estimate was very large making it impossible to observe 
potential between-state variance; the between-state variance estimate was zero in these instances 
(Figure 1). 
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Table 1. Summary of PFR and PBDE concentrations (ng/g) in 26 dust samples from 26 fire stations in the Fire Station Dust Study 
(FSDS) [2015], compared to median concentrations in dust samples collected from FOX fire stations [2010-2011; n=27]32 and 
California residences [2010; n=203] that were analyzed using the same protocols as FSDS samples.82  
Flame 
retardant 
Method reporting 
limit (MRL) 
% of FSDS 
samples above 
MRL 
FSDS minimum FSDS median FSDS mean FSDS maximum FOX median CA residential median 
PFRs         
TNBP 0 100 177 260 358 1,480 NM NM 
TCEP 0 100 178 1,040 1,320 4,660 NM NM 
TCIPP 323 100 499 3,880 5,040 37,400 NM NM 
TDCIPP 1,240 100 1,650 10,900 22,600 218,000 NM NM 
TPHP 0 100 1,150 10,800 14,100 85,400 NM NM 
         
PBDEs         
BDE-17 0.21 100 1.30 6.87 18.3 195 NM NM 
BDE-28 0.14 100 5.11 24.1 77.4 1,000 40.3 20 
BDE-47 0.64 100 404 3,050 12,800 161,000  5,170 1,300 
BDE-66 0.04 100 9.29 59.9 263 3,670  NM NM 
BDE-99 2.07 100 465 4,180 22,800 338,000 9,240 2,100 
BDE-100 0.76 100 87.9 756 5,000 82,000  1,720 330 
BDE-153 0.32 100 73.0 489 2,300 29,400  1,220 290 
BDE-154 0.42 100 42.9 344 1,730 22,400  919 150 
BDE-183 0.12 100 9.05 41.6 113 764 77.9 17 
BDE-196 0.03 100 9.06 53.3 62.0 176 76.6 8.2 
BDE-197 0.08 100 5.17 25.9 39.3 391 51.1 7.6 
BDE-201 0.11 100 4.02 14.3 17.9 41.5 NM NM 
BDE-202 0.05 100 1.22 4.25 5.38  13.7 NM NM 
BDE-203 0.03 100 5.95 61.1 78.8 271 NM NM 
BDE-206 1.24 100 60.1 1,900 2,340 9,490 1,130 75 
BDE-207 1.84 100 82.6 1,130 1,230 3,320 592 54 
BDE-208 0.83 100 51.7 533 578 1,400 379 33 
BDE-209 73.9 100 1,990 57,000  83,300 351,000 47,000 2,500 
NM = not measured
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Table 2. Estimated variance components and variance ratios from random effects model 
describing within-state and between-state variability. 
 Variance components Variance ratios 
Flame retardant Between state, σ2b Within state, σ2w Lambdaa, λ Intraclass correlation coefficientb, ρ 
PFRs     
TNBP 0 0.20 - 0 
TCEP 0 0.62 - 0 
TCIPP 0 0.69 - 0 
TDCIPP 0.22 1.08 4.92 0.17 
TPHP 0 0.83 - 0 
     
PBDEs     
BDE-17 0.16 1.21 7.37 0.12 
BDE-28 0.09 1.38 16.19 0.06 
BDE-47 0.48 1.61 3.33 0.23 
BDE-66 0.31 1.72 5.51 0.15 
BDE-99 0.55 1.72 3.13 0.24 
BDE-100 0.53 1.78 3.36 0.23 
BDE-153 0.42 1.61 3.79 0.21 
BDE-154 0.50 1.68 3.35 0.23 
BDE-183 0 1.37 - 0 
BDE-196* 0.27 0.50 1.84 0.35 
BDE-197 0.09 0.77 8.31 0.11 
BDE-201* 0.28 0.30 1.08 0.48 
BDE-202* 0.35 0.25 0.71 0.59 
BDE-203* 0.38 0.86 2.28 0.30 
BDE-206* 0.82 1.04 1.27 0.44 
BDE-207* 0.42 0.61 1.44 0.41 
BDE-208* 0.35 0.46 1.29 0.44 
BDE-209* 0.89 1.22 1.36 0.42 
*Significance found at p<0.05; null hypothesis: chemical concentrations do not vary among 
states. 
a Lambda, !	 = 	 $%&$%'  
b Intraclass correlation coefficient, (	 = 	 $%'$%'	)	$%& 
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Figure 1. Concentrations (ng/g) of PFR compounds from each dust sample (n=26), clustered by 
state.  
 
Dust from Texas had the highest concentrations of TDCIPP and TPHP, but also had the largest 
within-state variability for both PFRs (Figure 1, Supporting Information Table S4). Large within-
state variance in PFR concentrations made it difficult to assess differences among states – with 
intra-class correlation coefficients (ICCs) of no more than 0.17 (TDCIPP, Table 2). Future 
studies with larger sample sizes and information on additional characteristics of fire station 
activities are required to further elucidate potential differences in PFR levels among the states. 
 
PBDE concentrations also varied widely from different fire stations in the same state. Texas had 
the largest within-state variability for BDE-47 and BDE-99, and Minnesota had the largest 
within-state variability for BDE-209 (Figure 2, Table S4). When compared among states, 
concentrations of the major BDE congeners (BDE-47, -99, and -209) varied widely. Between-
state variance accounted for 23% to 42% of total variance in levels of BDE-47, BDE-99, and 
BDE-209 (ICC range: 0.23 to 0.42, Table 2). Median levels for the higher brominated BDE 
congeners were significantly higher in California than in the other four states in the study (BDE-
196, p = 0.02; BDE-201, p = 0.003; BDE-202, p = 0.0003; BDE-203, p = 0.03; BDE-206, p = 
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0.005; BDE-207, p = 0.008; BDE-208, p = 0.005; BDE-209, p = 0.007). Previous studies have 
reported elevated levels of the lower brominated BDEs in California house dust compared to 
other states. Lower-brominated BDEs are the primary constituents of PentaBDE, the commercial 
mixture that was used to treat furniture foam in order to achieve compliance with the State’s 
unique furniture flammability standards.79 In contrast, higher brominated BDEs are not typically 
found at exceptionally high levels in California house dust when compared to house dust levels 
from other states.25,83 These higher-brominated BDEs comprised the other two commercial BDE 
mixtures, OctaBDE and DecaBDE, which were commonly used in electronics and plastic 
products.84 In our study, whereas we did not find a significant difference in the lower brominated 
BDEs between the five states; we did observe elevated levels of the higher brominated BDEs in 
California. These findings suggest that California fire stations may have a source of elevated 
PBDE levels that are not associated with the State’s unique furniture flammability standard, and 
that this contamination is perhaps originating from electronics. 
 
 
 
 
Figure 2. Concentrations (ng/g) of major PBDE congeners -47, -99, -100, -153, and -209 from 
each dust sample (n=26), clustered by state. 
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2.4.4 Differences in chemical levels by other explanatory factors. In ANOVA analysis 
comparing chemical concentrations by vacuum use, where the null hypothesis was that chemical 
concentrations do not vary by vacuum use, TDCIPP was the only chemical measured to show a 
significant difference (p = 0.03) in levels between fire stations that used vacuum cleaners on 
floor surfaces only (median TDCIPP: 5,800 ng/g) and fire stations that used vacuum cleaners on 
surfaces other than the floor (median TDCIPP: 27,800 ng/g). TDCIPP and TCEP are both 
commonly used as flame retardants in textiles,25 though we did not observe a corresponding 
significant differences in TCEP levels by cleaning practices. There were no significant 
relationships between flame retardant concentrations and any other explanatory factors. 
 
2.4.5 Correlation between analytes. Levels of the two dominant PFRs - TDCIPP and TPHP - 
were not significantly correlated, suggesting that they may originate from different sources. 
Indeed, though both are used in polyurethane foams, TPHP is also used as a flame retardant 
plasticizer and as a lubricant.85 Additionally, among the PFRs measured in this study, only TPHP 
is a major component of Firemaster 550, a flame retardant mixture used in furniture foam as a 
replacement  for the phased-out PentaBDE mixture.86 Within the PFR analytes, only TNBP (used 
as a plasticizer and lubricant) and TCIPP (used in polyurethane foam) showed significant 
correlations (r = 0.43) with TPHP (used as plasticizer and lubricant, and in polyurethane foam); 
TCEP and TCIPP (both used in polyurethane foams) were also significantly correlated (r = 0.43). 
TCIPP was also significantly correlated with the higher brominated PBDEs (r range: 0.39 – 
0.44). TDCIPP showed significant correlations with the lower brominated PBDEs (r range: 0.42 
– 0.59); both TDCIPP and lower brominated BDEs that make up PentaBDE are used in 
polyurethane foams. TPHP had significant correlations with all the brominated flame retardants, 
excepting BDE-197 (Supporting Information, Table S5). BDE congeners were highly correlated 
within two groups; Pearson correlation coefficients ranged from 0.66 to 0.99 among the lower 
brominated PBDEs (BDE-17 to BDE-183), and from 0.71 to 0.99 among the higher brominated 
PBDEs (BDE-196 to BDE-209). 
 
2.4.6 Calculating exposure doses. This study observed elevated levels of PFRs and PBDEs in 
fire stations. If one assumes that an 80 kg person ingests 30 mg of dust a day,87 then the 
maximum PBDE concentrations found in our study -- 338,00 ng/g for BDE-99 and 351,000 ng/g 
for BDE-209 -- correspond to doses of 1.27x10-4 mg/kg-day for BDE-99 and 1.32x10-4 mg/kg-
day for BDE-209. The United States Environmental Protection Agency (U.S. EPA) suggests a 
maximum oral reference dose of 1x10-4 mg/kg-day for BDE-99 and 7x10-3 mg/kg-day for BDE-
209 (the U.S. EPA does not provide oral reference doses for PFRs).88 Via the unintentional 
ingestion of settled dust, firefighters at certain fire stations may be exposed to levels of BDE-99 
over the U.S. EPA’s suggested levels. Firefighter total exposure doses could be even higher if all 
routes of exposure (dermal, diet, inhalation) were considered. Moreover, the previous FOX study 
observed elevated PBDE levels in firefighter serum compared to a reference population in 
California,34 suggesting biological uptake within this occupation. 
 
2.4.7 Concentrations in fire stations vs. other settings. Median TNBP, TDCIPP, and TPHP levels 
in fire station dust were higher than those previously reported in occupational and residential 
settings, including a study that measured PFRs in 2011 in California house dust (Figure 3).25 
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Figure 3. Median concentrations of PFRs in dust (ng/g, shown on a logarithmic scale) with 
positive error bars representing maxima from the Fire Station Dust Study (collected in 2015), 
other occupational settings, and residential settings. Data for UK offices and homes (collected 
2011-2012) from Brommer and Harrad,89 for New England dorms (collected in 2015) from 
Dodson et al.,90 for CA homes (collected in 2011) from Dodson et al.,25 for NC homes (collected 
in 2012, geometric mean, only TDCIPP and TPHP reported) from Hoffman et al.,91 and for 
Japanese homes (collected 2009-2010) from Mizouchi et al.92 
 
 
We also corroborated our findings from the FOX study, showing again that median dust 
concentrations of all BDE congeners were substantially higher in the FSDS California fire 
stations than in the reference population of California homes (sampled in 2010, and analyzed 
using the same analytical protocols). Specifically, the very high levels of BDE-209 observed in 
dust from California fire stations in the FOX study were once again evident in the California fire 
stations of the FSDS study (Supporting Information, Figure S3). In measuring dust-PBDE levels 
in fire stations from other states for the first time, we found median concentrations of the major 
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BDE congeners to be higher than other occupational settings and residential settings, including in 
the reference population of California homes (Supporting Information, Figure S3). Overall, 
median concentrations of the major BDE congeners were higher in this study than those from 
other occupational and residential settings; only our previous FOX study has reported higher 
median concentrations of BDEs-47, -99, -100, and -153 in indoor dust. 
 
Given that fire stations have higher levels of PFRs and PBDEs compared to other occupational 
and residential settings, future research should focus on implicating flame retardant sources that 
are unique to fire stations such as specialized firefighting equipment (e.g., turnout gear and fire 
engines), and contamination that is tracked back from fire-incident sites. Indeed, some studies 
have observed contamination of turnout gear surfaces by PFRs76 and PBDEs76,93,94 after fire 
incidents, and some station gear has been shown to purposely contain the mineral flame 
retardant, antimony.95 These and other studies have demonstrated the potential for dermal 
absorption of flame retardants by firefighters and the benefit of turnout gear cleaning for 
reducing PBDE serum levels.34 As such, we propose that flame retardants may be tracked from 
fire responses back to fire stations via contaminated turnout gear, resulting in the contamination 
of fire station dust. Chemical track-back such as this has been observed in agricultural 
communities with pesticides.96–98 Moreover, the previous FOX study found a positive 
relationship between PAH levels in fire station dust and the number of fire and hazardous 
material incidents, suggesting that firefighters track-back PAHs on contaminated gear and 
equipment from fire incidents to the fire station.32 Although we were unable to obtain 
information regarding the number of responses to fire incidents per station for this study, future 
studies should include this information along with turnout gear wipe and fire station dust 
measurements to further elucidate potential track-back of flame retardants from fire sites to fire 
stations. Future studies should also include analyses examining the relationship between flame 
retardant levels in dust and consumer products, such as furniture and electronics, which are 
present in the fire stations. The quantities of specific consumer products within a household have 
been shown to be positively correlated with PBDE levels in house dust (e.g., furniture associated 
with PentaBDE and electronics associated with DecaBDE).99 Given that consumer products are 
often the source of flame retardant contamination in residential homes,4,79,99 the amount of 
consumer products in fire stations such as beds, couches, recliners, televisions, and computers 
could potentially explain the differences in flame retardant levels between fire stations and 
residential homes. Future research should include detailed surveys observing the types and 
number of consumer products, and amount of foot traffic within fire stations to compare to 
households for evaluation of flame retardant level differences. Additionally, information on the 
type of flammability standard that furniture in each fire station follows (e.g., TB117-2013; 
TB133; or other) may elucidate observed differences.90 Such research would inform intervention 
practices to reduce flame retardant levels in fire stations and potentially reduce the exposure to 
flame retardants experienced by firefighters. 
 
2.4.8 Limitations. We sampled dust collected from vacuum cleaners used for everyday cleaning 
at each fire station. The main advantages to this method are integration of chemical levels over 
space and time, convenience, and cost efficiency. The main limitation to this method is that 
vacuum cleaners and vacuum cleaning practices may differ from one fire station to the next, and 
introduce variability in chemical levels. Furthermore, we could not eliminate the possibility that 
the vacuum cleaners were made of materials containing either PFRs or PBDEs, potentially 
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causing us to overestimate PFR and PBDE levels in the fire station dust. However, the vacuum 
cleaners were commercially-available residential models which are commonly used in California 
homes,82 one of the comparison populations used in this analysis. In spite of its limitations, 
vacuum-bag dust remains a useful medium for measuring indoor chemical contamination 
because indoor dust acts as a reservoir for semivolatile and nonvolatile environmental 
contaminants. 
 
Despite a limited number of samples, we were able to observe statistically significant differences 
in PBDE concentrations among states. Specifically, BDEs 196, 201, 202, 203, 206, 207, 208, and 
209 were higher in California fire stations than in fire stations from the other four states. For 
future studies, a larger sample size may assist in more rigorous statistical analyses to identify 
potential differences among states in PFR levels and explain differences in PBDE levels by state 
more conclusively. 
 
2.5 Conclusions 
 
Our findings from this study, as well as the previous FOX study, indicate that fire stations are 
contaminated with higher levels of flame retardants than residences and other occupational 
settings; thus, firefighters may be potentially exposed to higher levels of flame retardants than 
the general population. This follow-up study confirmed that flame retardant levels were elevated 
in fire stations from multiple states in addition to California. Future studies should focus on 
identifying the sources of flame retardants that are unique to fire stations such as contaminated 
gear and equipment, chemical track-back from fire incidents, or specific types of furnishings. 
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2.7 Supporting Information 
 
Table S1. PFRs and PBDEs measured and their internal and injection standards used during 
chemical analysis. 
Chemical Internal Standarda Injection Standardb 
PFRs   
TNBP dTNBP  dTPP  
TCEP dTCEP  dTPP 
TCIPP dTCIPP  dTPP  
TDCIPP dTDCIPP  dTPP  
TPHP dTPHP  dTPP 
   
PBDEs   
BDE-17 13C-PBDE-28  13C-PCB-209  
BDE-28 13C-PBDE-28  13C-PCB-209  
BDE-47 13C-PBDE-47  13C-PCB-209  
BDE-66 13C-PBDE-47  13C-PCB-209  
BDE-99 13C-PBDE-99  13C-PCB-209  
BDE-100 13C-PBDE-99  13C-PCB-209  
BDE-153 13C-PBDE-153  13C-PCB-209  
BDE-154 13C-PBDE-154  13C-PCB-209  
BDE-183 13C-PBDE-183  13C-PCB-209  
BDE-196 13C-PBDE-197  13C-PCB-209  
BDE-197 13C-PBDE-197  13C-PCB-209  
BDE-201 13C-PBDE-197  13C-PCB-209  
BDE-202 13C-PBDE-197  13C-PCB-209  
BDE-203 13C-PBDE-197  13C-PCB-209  
BDE-206 13C-PBDE-207  13C-PCB-209  
BDE-207 13C-PBDE-207  13C-PCB-209  
BDE-208 13C-PBDE-207  13C-PCB-209  
BDE-209 13C-PBDE-209  13C-PCB-209  
a All internal standards supplied by Wellington Laboratory Inc., Guelph, ON, Canada, except for 
13C-PBDE-209 and dTCIPP (both supplied by Cambridge Isotope Laboratories, Inc., Andover, 
MA, USA) 
b 13C-PCB-209 supplied by Wellington Laboratory Inc., Guelph, ON, Canada; dTPP supplied by 
Cambridge Isotope Laboratories, Inc., Andover, MA, USA 
 
 
 
 
Table S2. QA/QC with SRM 2585 data. 
Chemical Average measured concentration 
in NIST replicatesa (ng/g) 
Coefficient of variation in 
NIST replicates (%)a 
Certified NIST 
concentration (ng/g) 
Percent 
error (%) 
PBDEs     
BDE-17 13.0 29.1 11.5 12.9 
BDE-28 52.0 4.53 46.9 10.9 
BDE-47 633 4.14 497 27.3 
BDE-99 992 0.970 892 11.2 
BDE-100 168 6.06 145 15.5 
BDE-153 144 0.448 119 21.3 
BDE-154 87.0 2.29 83.5 4.13 
BDE-183 51.4 1.93 43.0 19.5 
BDE-203 34.3 1.21 36.7 6.42 
BDE-206 245 7.70 271 9.65 
BDE-209 4555 8.81 2510 81.5 
a Average and coefficient of variation in 3 NIST replicates for PBDEs.
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Table S3. Concentrations (ng/g) of each PBDE congener and PFR compound measured from each fire station by state.  
Sample 
by state 
BDE congeners PFR compounds 
17 28 47 66 99 100 153 154 183 196 197 201 202 203 206 207 208 209 TNBP TCEP TCIPP TDCIPP TPHP 
CA 
1 8.68 36.3 3,690 72.4 5,130 944 652 451 39.0 69.6 30.1 25.2 8.23 69.0 2,340 1,390 774 60,200 477 814 3490 *71,400 11,300 
2 4.38 13.0 1,130 20.1 1,820 353 223 167 34.8 176 53.3 41.5 13.7 236 8,340 3,300 1,400 306,000 325 1,690 4,300 12,000 7,020 
3 3.46 11.4 1,360 25.4 2,200 409 269 200 42.1 132 42.9 34.1 12.0 158 5,610 2,210 1,000 223,000 1,480 715 5,160 14,800 20,700 
4 3.71 13.3 1,590 28.5 2,580 469 310 220 41.1 99.2 41.9 26.5 8.08 149 4,840 2,490 1,080 223,000 252 1,640 3,640 9,900 7,960 
5 10.3 38.4 4,400 117 6,030 1,190 669 491 45.5 115 37.3 35.7 12.2 104 2,740 1,540 800 108,000 334 1,000 3,030 41,800 13,500 
6 14.4 51.0 7,480 138 11,000 2,180 1,480 1,100 56.2 86.8 35.5 30.0 9.29 109 3,700 2,120 1,010 126,000 255 1,600 4,140 14,000 28,200 
MN 
1 6.46 26.0 3,140 58.5 4,820 925 609 423 32.3 28.5 20.3 12.9 3.68 27.9 639 599 339 18,700 243 1,080 6,510 15,300 8,860 
2 2.98 11.3 1,490 27.4 2,750 565 432 303 28.9 86.7 30.6 14.6 4.31 183 9,490 3,320 1,320 351,000 227 821 2,100 4,890 12,000 
3 1.95 7.03 797 14.9 1,280 241 175 116 9.62 15.2 6.83 5.37 1.66 13.2 351 283 164 9,250 441 2,240 4,470 5,680 8,160 
4 5.89 20.2 2,250 41.6 3,530 633 433 308 21.9 23.2 10.8 7.57 2.23 21.3 701 522 304 23,100 259 2,500 2,610 6,710 4,170 
5 8.25 31.9 3,620 61.4 4,900 879 545 380 28.7 61.2 24.2 18.2 5.40 60.5 2,810 1,620 853 104,000 509 769 4,290 4,500 10,200 
NH 
1 1.30 5.11 691 20.2 1,400 259 186 139 22.8 18.8 12.2 7.51 2.21 17.4 264 295 172 7,000 256 515 1,740 1,650 15,600 
2 2.43 8.51 404 9.29 465 87.9 73.0 42.9 64.8 22.7 27.5 6.88 1.91 22.0 615 413 227 15,800 492 462 4,980 4,710 *24,500 
3 3.65 13.5 1,480 37.2 2,400 464 289 207 17.7 53.1 21.8 14.0 4.20 98.7 2,440 1,510 663 81,000 518 4,200 9,960 3,590 14,400 
4 10.4 44.9 8,460 177 14,500 2,530 1,780 1,360 66.7 16.9 8.25 6.41 1.94 15.4 350 310 175 12,000 255 506 5,170 *20,500 5,810 
5 18.2 62.7 2,960 82.4 1,760 503 295 138 744 166 391 38.7 5.13 271 2,070 1,750 724 75,700 197 1,190 4,660 5,010 3,630 
NY 
1 19.5 61.8 10,100 172 13,400 2,670 1,640 1,210 67.8 94.0 37.3 27.4 8.36 130 3,830 2,190 974 122,000 299 590 3,540 4,870 18,900 
2 3.92 10.3 1,240 21.3 1,840 361 219 164 13.2 24.2 11.8 8.78 2.57 19.5 428 351 200 10,200 208 1,930 1,870 4,790 3,080 
3 33.5 131 26,700 465 34,100 6,820 4,110 3,200 164 90.7 46.5 28.8 9.08 108 2,920 1,630 751 80,700 429 1,090 1,960 26,400 14,600 
4 54.4 191 41,900 649 47,800 9,240 4,630 3,700 133 32.1 16.3 12.1 3.54 35.3 1,160 779 395 37,400 251 498 1,930 2,980 16,200 
5 17.2 56.8 12,100 209 18,900 3,570 2,410 1,830 88.2 53.5 27.5 20.5 6.20 73.4 2,430 1,300 593 88,000 259 711 37,400 35,000 10,100 
TX 
1 3.49 11.0 1,760 25.7 2,900 514 360 247 12.3 16.2 6.30 5.80 1.72 12.2 211 285 170 7,900 261 385 585 26,900 2,600 
2 2.14 9.23 1,090 19.5 1,270 252 130 97.6 9.05 9.06 5.17 4.02 1.25 5.95 60.1 82.6 51.7 1,990 177 178 499 2,520 1,150 
3 33.3 118 23,200 484 43,000 7,490 5,080 3,740 281 52.1 46.3 12.8 3.84 40.0 517 470 296 15,200 227 4,660 6,070 16,700 11,500 
4 7.28 22.2 9,260 185 25,900 4,390 3,260 2,320 109 12.4 6.21 4.33 1.22 9.61 171 200 113 4,650 367 1,430 2,650 14,200 7,100 
5 195 1,000 161,000 3,670 338,000 82,000 29,400 22,400 764 57.0 24.3 16.7 5.79 61.8 1,730 952 472 53,800 322 1,180 4,120 *218,000 85,400 
*Concentrations measured were higher than the highest calibration point concentration and are estimates 
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Table S4. Coefficients of variation (%) of  PFRs and major BDE congeners within each state. 
  CA MN NH NY TX 
PFRs 
TNBP 91.6 38.6 43.5 29.2 27.9 
TCEP 36.0 55.7 117 60.6 115 
TCIPP 18.8 43.6 55.7 168 85.5 
TDCIPP 90.1 60.7 107 100 164 
TPHP 55.5 33.7 65.4 49.2 167 
PBDEs 
47 75.2 51.3 118 86.9 175 
99 72.9 43.9 143 77.5 175 
100 75.7 42.5 130 77.4 187 
153 78.8 37.7 135 69.4 161 
209 52.4 143 96.0 65.0 128 
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Table S5. Pearson correlation coefficients between dust concentrations of chemicals. 
  PBDEs PFRs 
  17 28 47 66 99 100 153 154 183 196 197 201 202 203 206 207 208 209 TNBP TCEP TCIPP TDCIPP TPHP 
PB
D
Es
 
17 1.00 0.99 0.96 0.96 0.90 0.92 0.90 0.88 0.82 0.33 0.35 0.37 0.36 0.29 0.25 0.27 0.28 0.24 -0.13 0.15 0.24 0.55 0.47 
28  1.00 0.96 0.96 0.90 0.92 0.90 0.88 0.81 0.31 0.33 0.35 0.34 0.27 0.24 0.25 0.26 0.22 -0.12 0.10 0.23 0.56 0.49 
47   1.00 0.99 0.98 0.99 0.98 0.98 0.73 0.18 0.14 0.22 0.25 0.14 0.13 0.14 0.15 0.13 -0.14 0.09 0.18 0.56 0.44 
66    1.00 0.97 0.98 0.97 0.97 0.77 0.19 0.18 0.24 0.25 0.16 0.13 0.14 0.15 0.12 -0.13 0.12 0.21 0.56 0.48 
99     1.00 0.99 0.99 0.99 0.66 0.11 0.03 0.15 0.20 0.08 0.10 0.10 0.11 0.09 -0.10 0.13 0.18 0.59 0.47 
100      1.00 0.99 0.99 0.70 0.14 0.08 0.18 0.22 0.11 0.12 0.12 0.13 0.11 -0.12 0.13 0.18 0.59 0.48 
153       1.00 0.99 0.69 0.13 0.07 0.16 0.21 0.10 0.12 0.12 0.13 0.11 -0.11 0.15 0.21 0.59 0.48 
154        1.00 0.66 0.12 0.03 0.15 0.21 0.09 0.12 0.12 0.13 0.10 -0.10 0.14 0.19 0.58 0.48 
183         1.00 0.41 0.60 0.40 0.31 0.39 0.26 0.28 0.27 0.25 -0.07 0.14 0.33 0.42 0.47 
196          1.00 0.88 0.97 0.94 0.98 0.92 0.94 0.94 0.92 0.25 0.28 0.37 0.25 0.41 
197           1.00 0.85 0.72 0.87 0.71 0.75 0.75 0.71 0.09 0.25 0.40 0.12 0.30 
201            1.00 0.97 0.94 0.88 0.91 0.91 0.88 0.24 0.22 0.39 0.31 0.41 
202             1.00 0.89 0.89 0.90 0.91 0.89 0.32 0.20 0.37 0.38 0.48 
203              1.00 0.95 0.97 0.96 0.95 0.23 0.28 0.41 0.18 0.42 
206               1.00 0.99 0.99 0.99 0.33 0.26 0.44 0.21 0.51 
207                1.00 0.99 0.99 0.28 0.27 0.42 0.20 0.48 
208                 1.00 0.98 0.29 0.28 0.42 0.22 0.49 
209                  1.00 0.31 0.23 0.42 0.20 0.47 
PF
R
s 
TNBP                   1.00 0.06 0.26 0.16 0.43 
TCEP                    1.00 0.43 0.11 0.17 
TCIPP                     1.00 0.24 0.43 
TDCIPP                      1.00 0.35 
TPHP                       1.00 
Red indicates Pearson correlation coefficient differed significantly from zero, p-value < 0.05. 
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Figure S1. Contribution of each PFR compound measured from each dust sample (n=26), shown 
as percentage of ΣPFRs. 
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Figure S2. Contribution of the major PBDE congeners -47, -99, -100, -153, and -209 measured 
from each dust sample (n=26), shown as percentage of ΣPBDEs. 
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Figure S3. Median concentrations of major BDE congeners in dust (ng/g) from the Fire Station 
Dust Study, the FOX study, other occupational settings, and residential settings. Data from the 
Fire Station Dust Study (collected in 2015), the FOX study (collected in 2010-2011),32 and the 
CA homes (collected in 2010)82 were analyzed using the same analytical methods by the same 
laboratory. Data for Thailand e-waste recycling facility (collected 2007-2008) from Muenhor et 
al.,29 for MA offices (collected in 2009, geometric mean) from Watkins et al.,62 for New England 
dorms (collected in 2015) from Dodson et al.,90 for TX homes (collection date unknown) from 
Schecter et al.,19 and for UK homes (collected in 2006) from Harrad et al.20  
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Chapter 3 – In utero exposure to organophosphate flame retardants and sex hormones in 
male children at age 122 
 
3.1 Abstract 
 
Organophosphate flame retardants (PFRs) have replaced polybrominated diphenyl ethers 
(PBDEs) as current-use flame retardants in some consumer products, but PFR human health 
effects are not well described. In this study, the first to examine PFR exposures in utero and their 
potential effects on sex hormone levels in adolescent boys, we used multivariate regressions to 
assess the relationship between four PFRs in prenatal maternal urine and follicle-stimulating 
hormone (FSH), luteinizing hormone (LH), and testosterone in a cohort of 12-year old male 
children residing in California’s Salinas Valley. In adjusted models, we did not find any 
significant associations between PFR exposure and the hormone levels. However, we did see a 
marginal association between diphenyl phosphate (DPHP) and FSH indicating a 102.3% increase 
in FSH levels with every 10-fold increase in DPHP (95% CI: -12.1% to 370.1%) in maternal 
urine. We also observed a marginal association between bis(1,3-dichloro-2-propyl) phosphate 
(BDCIPP) and testosterone indicating a 62.0% increase in testosterone levels with every 10-fold 
increase in BDCIPP (95% CI: -7.6% to 184.2%). Although we did not observe any statistically 
significant associations, the trends that we did see indicate more research is needed to fully 
understand the impacts of PFR exposure on sex hormones. 
 
3.2 Introduction  
 
Flame retardants have been widely used in the United States since the 1970s4 in consumer 
products such as furniture foam, electronics, plastics, and textiles. Current-use organophosphate 
flame retardants (PFRs) replaced many uses of polybrominated diphenyl ethers (PBDEs) in 
consumer products25,71 after the phase-out of PBDEs because of increasing concern over their 
persistence, bioaccumulation, and toxicity.4 PFRs are commonly found in the air and dust of 
indoor environments23,100,101 such as offices,73 fire stations,102 daycare centers,74 and 
homes.25,75,92 They are also found in ecosystems such as surface waters,103 seawater,104,105 
sediments,106,107 and biota.106  
 
Exposure to PBDEs, no longer in use, have been associated with endocrine effects on female 
menstruation and fecundability,7,8 and hormone disruption.9,14,108 PBDEs have also been 
associated with effects on reproductive hormones, including follicle-stimulating hormone (FSH), 
luteinizing hormone (LH), and testosterone.9,109,110 
  
The chlorinated PFRs tris(2-chloroethyl)phosphate (TCEP) and tris(1,3-
dichloroisopropyl)phosphate (TDCIPP) are currently listed as known carcinogens in the state of 
California,28 but few studies evaluate the effects of PFRs on human health and none have studied 
endocrine effects in children. Toxicological studies suggest these chemicals may have many 
biological effects, including effects on endocrine systems.26,111–114 Animal research has also 
associated PFRs with adverse neurodevelopmental, reproductive, metabolic, and endocrine 
 
2 This is a manuscript in preparation for publication with the following co-authors: Kim G. Harley, Asa Bradman, 
and S. Katharine Hammond. 
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outcomes.113,115,116 Triphenyl phosphate (TPHP) in particular has been linked with endocrine 
effects114 through induction of estrogenic activity;111,112 in vitro studies have shown agonistic 
activity on estrogen receptors by TPHP114 and male mice fed TPHP showed decreased testicular 
testosterone.27 Human studies characterizing the association between PFRs and FSH, LH, and 
testosterone are even scarcer, with one study to date that evaluated PFR associations between 
concentrations in house dust and hormone levels and semen quality in adult males,117 but no such 
study exists for male children.  
 
In this study, we evaluate the association between prenatal PFR exposure, assessed based on 
maternal urinary concentrations of PFR metabolites, and hormone levels of FSH, LH, and 
testosterone in 12-year boys from a birth cohort from California’s Salinas Valley. 
 
3.3 Methods 
 
3.3.1 Study participants. This study uses data from the Center for the Health Assessment of 
Mothers and Children of Salinas (CHAMACOS), a longitudinal birth cohort study examining 
environmental exposures and their health impacts on mothers and children residing in 
California’s Salinas Valley, an agricultural community. Details on study recruitment and data 
collection are described elsewhere.118,119 Briefly, 601 pregnant women were recruited at prenatal 
clinics serving the low-income predominantly Latino population from October 1999 to October 
2000, 526 women remained in the study through the birth of their infants, 263 of whom were 
boys. 163 boys were followed through the age of 12. Of the 163 boys assessed at age 12, 112 
provided blood for hormone analysis and 87 of these had information on prenatal PFR 
concentrations. 
 
3.3.2 PFR measurements. PFRs were measured in urine collected during the mother’s second 
prenatal study visit (mean gestational age: 26.9 weeks; standard deviation: 2.5 weeks). Urine 
samples were stored at -80°C in the CHAMACOS biorepository until transferred on dry ice to 
Duke University for analysis. Four PFR metabolites were measured in urine: TPHP metabolite 
diphenyl phosphate (DPHP), TDCIPP metabolite bis(1,3-dichloro-2-propyl) phosphate 
(BDCIPP), isopropylphenol diphenyl phosphate metabolite isopropylphenol phenyl phosphate 
(ipDPP), and tert-butylphenyl diphenyl phosphate metabolite tert-butylphenyl phenyl phosphate 
(tbutylDPP), using negative electrospray ionization liquid chromatography-tandem mass 
spectrometry.120,121 PFR concentrations below the method detection limit (MDL) were imputed 
at random based on a log-normal probability distribution with the cutoff at the limit of detection 
(LOD). Results were standardized by specific gravity.120 
 
3.3.3 Hormone measurements. LH, FSH, and T levels were measured from serum samples 
collected from the male children during their 12-year visit. LH and FSH levels were analyzed by 
electrochemiluminescent assay.109 After nonpolar solvent extraction, T levels were determined 
by liquid chromatography mass spectrometry.109 All hormone analyses were performed at 
Esoterix Laboratory Services (Calabasas Hills, CA). 
 
3.3.4 Statistical methods. Both exposure (PFRs) and outcome (hormone) variables were treated 
as continuous variables in multivariate regressions. PFR and hormone distributions were both 
right-skewed so were log10-transformed for statistical analysis. Each hormone was evaluated 
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separately with each of the four PFRs. We considered the following covariates for our model a 
priori: maternal education, maternal pre-pregnancy BMI, family poverty status at age 12, and 
child’s age at the time of his hormone assessment. Ultimately, because of our limited sample 
size, we chose to include only maternal pre-pregnancy BMI and child’s age at the time of his 
hormone assessment in our model. In sensitivity analyses, Tanner stages were included to control 
for pubertal development using three categories: 1) boys who were still in stage 1 (i.e. 
prepubertal) in both genital and pubic hair, 2) boys who were still in stage 1 of either genital or 
pubic hair development and in stage 2+ of the other, and 3) boys who were in stage 2+ of both 
genital and pubic hair development. All analyses were performed in R (R Core Team. 2018. R: A 
language and environment for statistical computing. Vienna, Austria: R Foundation for 
Statistical Computing). 
 
3.4 Results 
 
The majority women were Latina (97.7%) and born in Mexico (88.5%), with almost half having 
lived in the United States for less than five years at the time of the study child’s birth (Table 1). 
Almost half had only a primary school education. Most of the boys were exclusively breastfed 
for at least two months (64.7%) and about half were considered normal weight at 12 years of 
age. Most of the boys had reached Tanner stage 2 or above in genital development (85.7%) by 
age 12, whereas pubic hair development was approximately split between Tanner stage 1 
(46.4%) and Tanner stage 2 or above (53.6%). 
 
The concentrations of detected PFR urinary metabolites ranged from <MLD to 23.8 ng/mL 
(Table 2). DPHP had the highest detection frequency (80.5%), followed by BDCIPP (78.2%). 
tbutylDPP had the lowest detection frequency of the four PFR metabolites measured (19.5%). 
The distributions seen in both the PFR detection frequencies and concentrations were similar to 
those observed in the larger CHAMACOS maternal cohort (N=310 mothers).120  
 
FSH, LH, and testosterone levels in serum of the CHAMACOS boys at age 12 are shown in 
Table 3. Normal levels of FSH, LH, and testosterone vary widely during male puberty; however, 
the geometric means reported in Table 3 fall within normal ranges that have been previously 
reported for similar age ranges.109,122–124  
 
PFR and hormone levels were also stratified by the puberty variable created for this study (Table 
4). PFR metabolite levels did not vary much across the three puberty categories, but as expected, 
each hormone measured increased in concentration as puberty progressed (FSH: p < 0.001, LH: 
p < 0.0005, Testosterone: p < 0.0005).  
 
The percent changes in each hormone level associated with a 10-fold increase in each PFR level 
from adjusted models are shown in Table 5. FSH levels increased as each PFR level increased, 
LH increased as BDCIPP and ipDPP increased and decreased as DPHP and tbutylDPP increased, 
and testosterone increased as each PFR increased with the exception of tbutylDPP.  However, 
none of these associations were statistically significant. In the models adjusted for pre-pregnancy 
BMI and child's age at the 12-year hormone assessment, the largest effect observed was DPHP 
on FSH: for every 10-fold increase in DPHP, the FSH levels increased by 102.3%. This effect 
was followed by ipDPP on LH, ipDPP on testosterone, and BDCIPP on testosterone, all of which 
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had percent increases greater than 50%. We observed percent changes of greater than 50% 
between DPHP and FSH (102.3% increase, 95% CI: -12.1% to 370.1%), BDCIPP and 
testosterone (62.0% increase, 95% CI: -7.6% to 184.2%), ipDPP and LH (87.8% increase, 95% 
CI: -27.7% to 387.3%), and ipDPP and testosterone (71.8% increase, 95% CI: -35.3% to 
356.0%). 
 
 
Table 1. Characteristics of mothers and male children followed to 12 years of age 
Maternal characteristics N (%) 
Age at delivery, years  
18-24 32 (36.8) 
25-29 36 (41.4) 
30-34 11 (12.6) 
35-45 8 (9.2) 
Education  
£ 6th grade 42 (48.3) 
7th – 12th grade 27 (31.0) 
³ High school 18 (20.7) 
Race/ethnicity  
Latino 85 (97.7) 
Other 2 (2.3) 
Country of birth  
Mexico 77 (88.5) 
U.S. 7 (8.0) 
Other 3 (3.4) 
Years in the U.S.  
£ 1 21 (24.1) 
2 – 5  21 (24.1) 
6 – 10 24 (27.6) 
³ 11 15 (17.2) 
Entire life 6 (6.9) 
At or below Census poverty level at 12 years postpartum  
Yes 63 (72.4) 
No 24 (27.6) 
Parity  
0  24 (27.6) 
³ 1 63 (72.4) 
Pre-pregnancy BMI (kg/m2)  
< 18.5 2 (2.3) 
18.5 – 24.9 27 (31.0) 
25 – 29.9 36 (41.4) 
³ 30 22 (25.3) 
Age of menarche, years  
< 12 39 (44.8) 
12 – 13  17 (19.5) 
> 13 31 (35.6) 
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Alcohol consumption during pregnancy  
Yes 19 (21.8) 
No 68 (78.2) 
Smoked during pregnancy  
Yes 2 (2.3) 
No 85 (97.7) 
Child characteristics N (%) 
At birth  
Low birthweight (< 2500 g)  
Yes 3 (3.4) 
No 84 (96.6) 
Exclusively breastfed, months  
< 2 55 (64.7) 
2 – 6  20 (23.5) 
> 6 10 (11.8) 
At age 12  
BMI (kg/m2)  
< 18.5 17 (19.5) 
18.5 – 24.9 45 (51.7) 
25 – 29.9 19 (21.8) 
³ 30 6 (6.9) 
Tanner genital stage 2+  
Yes 72 (85.7) 
No 12 (14.3) 
Tanner pubic hair stage 2+  
Yes 39 (46.4) 
No 45 (53.6) 
Ever tried alcohol  
Yes 19 (21.8) 
No 68 (78.2) 
Ever smoked  
Yes 9 (10.3) 
No 78 (89.7) 
 
 
Table 2. Maternal prenatal urinary PFR metabolite levels in ng/mL (n =87) 
PFR > MDL (%) Mean GM (GSD) p25 p50 p75 p90 p95 Max 
DPHP 80.5 1.8 0.9 (2.9) 0.53 1.01 1.36 3.75 6.29 23.8 
BDCIPP 78.2 0.70 0.3 (5.2) 0.11 0.33 0.99 1.64 2.25 4.9 
ipDPP 66.7 0.45 0.3 (2.6) <MDL 0.28 0.48 0.99 1.17 5.5 
tbutylDPP 19.5 0.07 0.04 (3.2) <MDL <MDL <MDL 0.16 0.20 1.0 
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Table 3. Hormone levels in boys, age 12 
Hormone N Mean GM (GSD) Min p10 p25 p50 p75 p90 p95 Max 
FSH 87 2.8 2.5 (1.7) 0.65 1.2 1.8 2.6 3.5 4.7 5.2 9.5 
LH 87 2.5 1.7 (3.3) 0.02 0.36 1.5 2.3 3.5 4.6 5.2 6.5 
Testosterone 87 157 73.0 (4.2) 4.5 9.0 25.0 89.0 256 418 461 553 
FSH and LH concentrations measured in mIU/mL of serum. Testosterone concentrations 
measured in ng/dL of serum.  
 
 
Table 4. Geometric means and geometric standard deviations of maternal prenatal urinary 
PFR metabolites (ng/mL) and hormone levels in boys at age 12, stratified by puberty stages 
 G1 & PH1 (n = 10) G1/PH2+ or PH1/G2+ (n = 35) G2+ & PH2+ (n = 38) 
DPHP 0.8 (3.5) 0.9 (3.8) 1.0 (2.2) 
BDCIPP 0.2 (5.9) 0.3 (6.1) 0.4 (3.9) 
ipDPP 0.3 (2.6) 0.3 (2.4) 0.3 (2.8) 
tbutylDPP 0.1 (2.4) 0.03 (2.4) 0.04 (3.9) 
FSH* 1.5 (1.6) 2.3 (1.6) 3.1 (1.6) 
LH* 0.4 (4.1) 1.6 (3.1) 2.9 (1.6) 
Testosterone* 11.2 (1.9) 45.9 (3.2) 200 (2.6) 
FSH and LH concentrations measured in mIU/mL of serum. Testosterone concentrations 
measured in ng/dL of serum. 
* Significant differences among means of puberty groups from one-way ANOVA, p < 0.05 
 
 
Table 5. Percent (%) change in hormone level for every 10-fold increase in PFR concentration 
and 95% confidence intervals (CI) from adjusted linear regressions for each association 
between each measured PFR in urine at 26 weeks gestations and hormone levels in boys at 12 
years in the CHAMACOS cohort. 
PFR N FSH (% change & CI) LH (% change & CI) Testosterone (% change & CI) 
DPHP 87 102.3 (-12.9, 370.1) -16.9 (-64.7, 95.8) 7.2 (-55.3, 157.2) 
BDCIPP 87 15.8 (-33.7, 102.5) 15.1 (-34.2, 101.4) 62.0 (-7.6, 184.2) 
ipDPP 87 21.0 (-53.8, 216.6) 87.8 (-27.7, 387.3) 71.8 (-35.3, 356.0) 
tbutylDPP 87 23.6 (-44.4, 174.8) -5.5 (-57.6, 110.5) -32.1 (-69.9, 53.0) 
All models include maternal pre-pregnancy BMI and child's age at time of 12-year hormone 
assessment.  
 
 
After controlling for Tanner stages in the models, the effect size changed direction for LH and 
BDCIPP from increasing to decreasing, and for testosterone and DPP from increasing to 
decreasing, but associations were not statistically significant (See Supplemental Information, 
Table S1). Four boys were missing both Tanner stage information for genital and pubic hair 
development. 
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3.5 Discussion 
 
Although our multivariate regressions did not yield any significant associations between any of 
the PFRs and any of the hormones, we did observe percent changes greater than 50% in some of 
the PFR-hormone relationships. Specifically, we observed percent changes of greater than 50% 
between DPHP and FSH (102.3% increase, 95% CI: -12.1% to 370.1%), BDCIPP and 
testosterone (62.0% increase, 95% CI: -7.6% to 184.2%), ipDPP and LH (87.8% increase, 95% 
CI: -27.7% to 387.3%), and ipDPP and testosterone (71.8% increase, 95% CI: -35.3% to 
356.0%). Few studies have examined associations between exposures to PFRs and human health 
outcomes. Castorina et al. evaluated the association between prenatal urinary PFR levels and 
neurodevelopment in children 7 years of age from the same cohort as this study.125 We did not 
observe any significant associations of prenatal maternal PFR concentrations in urine with FSH, 
LH, or testosterone, whether controlling or not for pubertal progression. 
 
There are little to no known studies to corroborate or refute our results. Only one previous study 
assessed the relationship between PFRs and the same hormones, but evaluated PFRs in dust and 
hormones in adult males. Those researchers also observed an increase in FSH with increasing 
TPHP (the parent compound of DPHP) similar to our results, but contrary to our findings, saw a 
decrease in testosterone with increasing TDCIPP (the parent compound of BDCIPP).117 
However, their results were also not statistically significant. They did not measure 
isopropylphenol diphenyl phosphate (the parent compound of ipDPP). Results from other studies 
examining the relationship between brominated flame retardants and these hormones vary. 
Eskenazi et al. found increases in LH and testosterone in 12-year-old boys from the 
CHAMACOS study with increasing BDE-100 and BDE-153 levels109 while another study found 
an inverse association between BDEs-47, -99, and -100 and FSH and LH in adult males.9 
Another study assessed adult male hormone concentrations and different commercial mixtures of 
PBDEs and found inverse associations with pentaBDEs and FSH, positive associations with 
octaBDEs and LH and testosterone, and an inverse association between decaBDEs and 
testosterone.110   
 
3.5.1 Strengths and Limitations. The strengths of this study are its longitudinal design (the 
children in CHAMACOS have now been followed for seventeen years) and the analytical 
methods used to evaluate potential relationships between PFR metabolites and hormone 
concentrations. The main limitation of this study is the relatively small sample size – 
SOMETHING ABOUT POWER? PFR concentrations were not measured in the fetuses directly 
nor in the boys at 12-years of age. Additionally, prenatal urine samples were only measured 
during the mother’s second trimester of pregnancy; however, there is evidence that spot urine 
samples for PFRs, namely BDCIPP and DPHP, collected during the mother’s second trimester of 
pregnancy are consistent throughout pregnancy. A previous study found intraclass correlation 
coefficients for BDCIPP and DPHP to be 0.5 and 0.6, respectively, over the entire pregnancy.126 
Additionally, our study evaluated only male children and only at 12 years of age. To gain better 
understanding of reproductive development, future studies should follow both male and female 
children starting from pre-pubertal years to post-pubertal years.  
 
3.5.2 Conclusions. Although there were no significant associations between PFR metabolites and 
hormones, there were marginally positive associations between DPHP and FSH and between 
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BDCIPP and testosterone. Elevated levels of FSH and testosterone in males have reproductive 
health implications. High FSH can lead to reduced sperm count and testicular failure.127,128 
Elevated testosterone levels can lead to irregular puberty.129 TPHP and TDCIPP are two of the 
most widely used among current-use PFRs.23 Indeed, TPHP and TDCIPP are found in almost all 
dust samples130 and found on the same order of magnitude as PBDEs.75,102 More research is 
required to further elucidate the health effects in humans to corroborate or refute the animal 
studies. The endocrine effects of TDCIPP and testosterone also should be further examined. 
Given that TPHP and TDCIPP are the most widely used OP flame retardants and that so little is 
known about their health effects, more research on this topic is crucial in order to advocate for 
safer alternatives and prevent regrettable substitutions. 
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3.6 Supplemental Information 
 
 
 
 
 
 
Table S1. Percent (%) change in hormone level for every 10-fold increase in PFR 
concentration and 95% confidence intervals (CI) from adjusted linear regressions for each 
association between each measured PFR in urine at 26 weeks gestation and hormone levels in 
boys at 12 years in the CHAMACOS cohort, with models including pubertal status. 
PFR N FSH (% change & CI) LH (% change & CI) Testosterone (% change & CI) 
DPHP 83 98.6 (-12.6, 351.0) -27.9 (-66.2, 53.5) -11.2 (-54.2, 72.1) 
BDCIPP 83 6.3 (-40.0, 88.2) -13.0 (-48.2, 46.2) 10.5 (-29.8, 73.7) 
ipDPP 83 24.3 (-52.3, 224.1) 124.6 (-4.3, 427.3) 99.5 (-5.2, 319.9) 
tbutylDPP 83 28.6 (-43.7, 193.8) -3.3 (-54.5, 105.5) -29.7 (-63.4, 35.0) 
All models include maternal pre-pregnancy BMI, child’s age at time of 12-year hormone 
assessment, and pubertal status. 
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Chapter 4 – Including comparative chemical risk analyses with chemicals alternatives 
assessment in creating safer work environments: a case study in the electronics industry 
 
4.1 Abstract 
 
Chemical alternatives assessments are used to identify safer alternatives to chemicals of concern 
in industrial processes, products, and technologies. As public health concerns over occupational 
health and environmental health increase, industries (beginning with the textile and garment 
industry, and followed by the electronics industry) have more publicly began to move towards 
identifying safer chemicals in their manufacturing processes. However, a chemical alternatives 
assessment alone to identify safer alternatives to a chemical of concern may not be sufficient. 
This case study discusses the push within industry to use safer chemicals and conducts a risk 
assessment, supplementing a chemical alternatives assessment performed by an electronics 
company I collaborated with, to identify and compare safer alternatives to methylene chloride in 
a manufacturing process. This study also discusses the need to combine chemical alternatives 
assessments with risk assessments in identifying safer alternatives to chemicals of concern.  
 
4.2 Introduction – The impetus for safer alternatives to chemicals of concern in industry 
 
4.2.1 The textile and garment industry 
 
The textile and garment industry is one of the oldest industries in the world and is also one of the 
largest employers in the world.131 This industry provides the modern world with anything related 
to fabric, from the rugs that decorate our floors to the curtains that give our homes privacy to the 
shoes we wear. The textile and garment industry has largely been outsourced to developing 
countries where labor is cheap and regulations are lax or non-existent. The pull of cheap labor 
has resulted in unfair and unhealthy working conditions such as the use of sweatshops by 
companies like Nike that gained a lot of attention in the 1990s. Lenient regulations have led to 
unsafe working conditions such as the fire and building collapse of garment-producing factories 
within a span of six months in 2012-2013 in Bangladesh. Moreover, many laborers in the textile 
and garment industry are women and children.  
 
In addition to using cheap labor, the textile and garment industry also uses many chemicals. 
Nearly 8,000 chemicals are used in the textile and garment industry across the supply chain, 
amounting to 5 billion kilograms (kg) of chemicals.132 The chemicals used in textile and garment 
processing combined with the amount of water used by the industry results in highly toxic 
polluted wastewater that may run off from factories if not properly handled. This contaminated 
run-off can adversely impact ecological systems, particularly aquatic ecosystems. The last two 
decades saw the advent and burgeoning of fast fashion – a phenomenon in which haute-couture 
designs quickly move from high-fashion runways to stores where the designs are sold at lower 
prices for most consumers. Popularized and made readily available by retailers such as H&M, 
Target, Zara, and many more, fast fashion is churned out in multiple cycles rather than the 
traditional four seasons of fall, winter, spring, and summer. To accommodate fast fashion trends, 
production in the textile and garment industry must increase, potentially increasing the amount of 
wastewater runoff and creating more waste generally. With new fashion trends delivered at 
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inexpensive prices and offered more than four times a year, what once was new and trendy 
quickly becomes old and dated and therefore, discarded.  
 
The chemicals used in textile and garment manufacturing processes are not only a concern for 
the environment, but also a concern for the workers who handle the chemicals and are exposed to 
them. Formaldehyde, a chemical classified as a known human carcinogen by the International 
Agency for Research on Cancer in 2004 and by the National Toxicology Program in 2011, is 
used in the textile and garment industry to treat clothing and to allow for better absorption of 
certain dyes. The National Institute for Occupational Safety and Health (NIOSH) conducted 
studies that linked exposure to formaldehyde in the garment industry to upper respiratory cancers 
and leukemia. Other studies have associated formaldehyde and other occupational exposures, to 
lung cancer 133, nasopharyngeal cancer 134, and spontaneous abortion.135 Parental occupational 
exposures in the industry have even been linked to childhood cancers.136 
 
The textile and garment industry began taking action in 2011 to identify safer alternatives to 
chemicals of concern after Greenpeace launched their DeTox campaign in 2010 to spotlight the 
water pollution associated with the industry and released “Dirty Laundry,” a report that linked 
toxic water pollution to the textile and garment industry in China137 and challenged the industry 
to take action in improving its environmental stewardship. This challenge resulted in the Zero 
Discharge of Hazardous Chemicals (ZDHC) initiative, starting with six brands in apparel and 
footwear that pledged to work towards severely reducing the textile and garment industry’s 
emissions throughout its entire supply chain, from raw materials extraction to production to end-
product disposal, by 2020. Currently, ZDHC has dozens of multi-stakeholder contributors, from 
the textile and garment industry to the chemical industry, who have committed to working 
towards zero emissions throughout their production chain. These efforts can be seen through 
H&M’s clothes recycling program that collects disused clothes to prevent them from ending up 
in landfills138 and Levi’s waterless technology that produces denim using less water (Figure 1).139  
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Figure 1. From their websites, Levi’s waterless technology process for denim (foreground) 
and H&M’s clothes recycling program. 
 
While the ZDHC initiative is progressing towards zero hazardous emissions by 2020, its mission 
is solely to reduce hazardous chemical use to reduce emissions and does not address workers’ 
rights or empowerment and the disproportionate number of women who labor within the textile 
and garment industry. 
 
4.2.2 The electronics industry 
 
The electronics industry has been one of the fastest growing industries in the contemporary 
world. From 1994 to 2004, the number of personal computers in the world increased from 20 
million to 180 million, respectively.140,141 The electronics industry is also responsible for the 
gadgets that the modern world uses on a daily basis to connect and to communicate with each 
other. The electronics industry produces laptop computers and mobile phones, as well as the 
semiconductors and micro-processing chips that power them. The smart technology powered by 
micro-processing chips has become so pervasive that any product with a micro-processing chip 
is now considered an electronic, including refrigerators and televisions. The electronics industry 
has paved the way for an advancing technological society, making it more convenient for 
economic markets to connect around the world, as well as for individuals to connect globally. 
 
The first silicon transistors, the basis for semiconductors, were created in the 1950s where they 
were more commonly used in telephones and hearing aids. The semiconductor chip transformed 
the industry, allowing room-sized computers from the 1950s to shrink in size to the razor-thin 
laptops consumers use today.142 Millions of chips are made for the millions of electronics in the 
market. The industry flourished in California’s Bay Area, a region south of San Francisco that 
has come to be known as the Silicon Valley because of the electronics industry’s presence and 
growth there. For the past two decades, people have poured into the Silicon Valley to take 
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advantage of the employment opportunities. The electronics industry now employs workers all 
over the world.143  
 
The ability to have information at our fingertips is astronomical, but there is a downside to this 
ability – the potential damage to human health – that is often overlooked by the damage done to 
society in which the electronics industry is also complicit. The industry’s public relations 
campaign strove to maintain its reputation as a clean industry with images of workers in clean 
rooms wearing protective clothing (to protect the processes and not necessarily the workers).143 
Contrast the clean laboratory scene of the electronics industry to that of factories emitting clouds 
of fume from industries traditionally thought of as dirty like the steel industry, and even the 
textile and garment industry, and it is not difficult to see how the electronics industry maintained 
a public reputation as clean and safe.142,144  
 
The electronics industry largely avoided consideration as a public health problem until stories of 
health problems in the region where it housed itself made their way into the news in the 
1980s.142,144 For example, in 1980, IBM discovered a leak in a storage tank, contaminating 
groundwater around the plant in South San Jose, California, with trichloroethylene, a suspected 
carcinogen, and other chemicals.145 In 1981, Fairchild Semiconductor in San Jose, California, 
discovered a hole in one of their solvent tanks that leaked all 55 thousand gallons of its 1,1,1-
trichloroethane (a trichloroethylene substitute), acetone, and xylene mixture into the ground and 
contaminated an adjacent drinking well.142,144,145 These discoveries occurred at the same time a 
neighboring community began noticing and voicing concerns over an excess number of birth 
defects, miscarriages, and stillbirths. Indeed, studies conducted by the California Department of 
Public Health showed the San Jose community exposed to the contaminated drinking well had 
increased cases of spontaneous abortion, congenital birth malformations, and cardiac birth 
anomalies.146,147 Under intense public pressure, California’s Regional Water Quality Board 
surveyed the soil and water around other storage tanks in the area and found that 75 percent of 
tanks had contaminated the surrounding soil or groundwater.144,148 The United States 
Environmental Protection Agency (US EPA) also responded to the pressure by designating 19 
Silicon Valley sites as Superfund sites, locations in the United States contaminated by hazardous 
waste that the US EPA identifies as contenders for remediation because of risks to human and 
environmental health,149 in 1984. 19 sites eventually grew to 29 sites before the close of the 
decade, giving the Silicon Valley the highest concentration of US EPA Superfund designations 
in one region at the time.144,150 
 
In addition to environmental pollution and potential health risks of neighboring community 
members, workers in the electronics industry may also be at risk for health effects. Similar to the 
textile and garment industry, the electronics industry makes use of a wide range of chemicals.142 
Suspected carcinogens such as the aforementioned trichloroethylene, methylene chloride, and 
perchloroethylene are used in many electronics manufacturing processes.151–153 A series of 
epidemiological studies evaluated the association between adverse reproductive health outcomes, 
cancer, and other rare diseases to semiconductor work in the United States,154–156 Taiwan,157–159 
Korea,160–163 and other regions.164–167 While the studies reported mixed results, the evidence 
suggested increased spontaneous abortion and excess risks for non-Hodgkin’s lymphoma, 
leukemia, brain tumors, and breast cancer for these workers.168 South Korean electronics brand 
and original equipment manufacturer (OEM) Samsung has even made international headlines as 
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recently as in 2018 for admitting responsibility for the sickness of their production line workers 
and issuing an apology.169 
 
In fact, campaigns for safer work practices and reduced toxics in the electronics industry has 
been led by labor activists, from the Silicon Valley Toxics Coalition in California to the 
Supporters for the Health and Rights of People in the Semiconductor industry in South 
Korea.144,170 As the public becomes increasingly aware of the toxic chemicals used in the 
electronics industry, organizational campaigns have mobilized to pressure the electronics 
industry to take responsibility for its environmental and occupational health stewardship. 
Electronics companies house chemical management departments that search for safer alternatives 
to chemicals of concern as part of their program. These efforts are now partially publicized and 
are made available on the websites of companies such as HP171,172 and Apple173 (Figure 2). Like 
the textile and garment industry before it, the electronics industry is engaging in multiple 
stakeholder groups to address environmental and labor rights issues. 
 
 
Figure 2. Apple’s supplier responsibility webpage with access to annual reports 
(foreground) and Hewlett Packard’s sustainable impact webpage, also with access to 
annual reports. 
  
The objective of one such multi-stakeholder network with whom I collaborated is to achieve zero 
exposure of workers to toxic chemicals in the electronics manufacturing process. The network 
aims to achieve this goal through four working initiatives, one initiative is substituting identified 
chemicals of concern with safer alternatives. Utilizing a chemical alternatives assessment, a 
participant member in this network identified a potassium hydroxide mixture as a safer 
alternative to methylene chloride for a process involving removal of a residue known as PEHD 
from metal parts. While the chemical alternatives assessment identified the potassium hydroxide 
mixture as a safer alternative with a lower hazard profile, it did not compare the human health 
risks between potassium hydroxide and methylene chloride. The remainder of this chapter 
discusses the benefits of including comparative risk analyses to further inform and strengthen 
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selection and implementation of safer alternatives, highlighting this methylene chloride case 
study as an example.   
 
4.3 Chemicals alternatives assessments and comparative risk analyses 
 
4.3.1 Regrettable substitutions 
 
The increasing evidence and acknowledgement of worker exposure to toxic chemicals in the 
electronics industry has led to the subsequent demand of safer alternatives to chemicals of 
concern (i.e., chemicals suspected to be harmful to human health or the environment). However, 
replacement chemicals have not always solved the problem at hand and have instead, resulted in 
regrettable substitutions. A regrettable substitution is replacing a chemical of concern with a 
chemical that has the same harmful qualities or worse. One of the most infamous cases of 
regrettable substitutions resulted from the California ban on chlorinated solvents in aerosol 
products in 2000.174 Manufacturers replaced perchloroethylene, a chlorinated solvent used in 
automotive brake cleaners, with n-hexane. However, increased cases of automotive technicians 
visiting emergency rooms for peripheral neuropathy emerged resulting from exposure to n-
hexane.175,176 This outcome was predictable given that the neuropathic effects of n-hexane had 
been known since the 1960s.177  
 
Stories like these are rife in chemical history. Dichloro-diphenyl-trichloroethane (DDT) was 
banned in 1972 because of its environmental and toxicological effects178 and replaced with the 
neurotoxic organophosphate pesticides.179–182 Bisphenol A (BPA), a chemical commonly used in 
plastics and an endocrine disruptor,183 was replaced with bisphenol S, BPA’s chemical cousin 
and suspected to have similar health effects as BPA.184–186 Within the electronics industry, the 
suspected carcinogen trichloroethylene was replaced with 1,1,1-trichloroethane.145,187,188 1,1,1-
trichloroethane was the main groundwater contaminant that was associated with adverse 
reproductive health outcomes in the Silicon Valley. Despite being suspected as a carcinogen, 
trichloroethylene would be listed as an acceptable alternative to 1,1,1-trichloroethane by the US 
EPA in 1993.187 
 
Without proper evaluation of a chemical alternative that is chosen to replace a chemical of 
concern, the alternative itself can become a chemical of concern. Sometimes, it is already a 
chemical of concern as was the case with n-hexane. In the search for safer alternatives to 
chemicals of concern, a major endpoint is to avoid regrettable substitutions. To avoid these types 
of regrettable substitutions, approaches like chemical alternatives assessments exist to evaluate 
and compare the potential harmful effects of alternatives to make an informed substitution. The 
remainder of this chapter discusses including a risk assessment framework with a chemical 
alternatives assessment to avoid such regrettable substitutions. 
 
4.3.2 Chemical alternatives assessments  
 
A chemical alternatives assessment is a methodology used to identify, compare, and select safer 
alternatives to replace chemicals of concern in processes, materials, or technologies. Chemical 
alternatives assessments utilize a hazard approach to identify and compare safer alternatives. 
They identify and compare the hazards of each alternative. This approach assumes that if there is 
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little to no hazard, then there is little to no risk. Each chemical alternatives assessment may be 
adapted to fit the needs of its users (whether they be businesses, governments, or non-
governmental organizations), but underlying each chemical alternatives assessment is the 
common principle to reduce harm to human health and the environment, and avoid regrettable 
substitutions. A chemical alternatives assessment should thoroughly consider the hazard profile, 
performance value, and economic viability of an alternative throughout its entire life cycle.189–191  
 
The methylene chloride case study referenced above employed a chemical alternatives 
assessment, adapted from the National Academy of Sciences’ and the California Department of 
Toxic Substances Control’s frameworks,192,193 to identify the potassium hydroxide mixture as a 
safer alternative to methylene chloride. An overview of this chemical alternatives assessment 
process is presented in Figure 3.  
 
 
 
 
Figure 3. Process overview of chemical alternatives assessment used for the methylene 
chloride case study. 
 
These steps involve:  
 
1) Identify the chemical of concern – This step includes defining the scope and goal of the 
chemical alternatives assessment and characterizing the chemical of concern.  
2) Identify the alternatives – After understanding and confirming the functional use of the 
chemical of concern, alternatives are identified by understanding available information. 
Alternatives can be identified through internet searches, market surveys, conversations 
with chemicals manufacturers, and literature reviews, etc. 
Conduct assessment: 
compare hazards, 
performance (consider 
across entire life cycle)
Identify chemical of concern
Identify alternatives
Select and implement 
alternative
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3) Conduct comparative assessments – This step includes comparing the hazards, 
performances, and cost-effectiveness of identified alternatives. Health and environmental 
impacts at all stages throughout each alternatives life cycles should be considered in this 
step.  
4) Select and implement alternative – Once an alternative is identified, it needs to be 
adopted into its application. This may include disseminating information to applicable 
facilities that need to implement the alternative and require process changes, further 
testing, and investment in time and resources.  
 
Similar to other chemical alternatives assessments, this methylene case study followed a hazards 
approach to identify the potassium hydroxide mixture as a safer alternative. While the potassium 
hydroxide mixture was chosen because it has a lower hazard profile than methylene chloride, this 
assessment did not analyze risk, thereby overlooking the magnitude of potential health effects 
through different exposure pathways. Potassium hydroxide is known to corrode tissue on contact, 
whereas methylene chloride is a suspected carcinogen and associated with central nervous 
system toxicity. The chemical alternatives assessment alone cannot determine the likelihood of 
adverse outcomes from exposure to either of these materials or compare the magnitude of 
adverse events resulting from these exposures. These metrics require additional exposure 
assessments and exposure-response assessments, which are built into the risk assessment 
paradigm.   
 
4.3.3 Risk assessments and comparative risk analyses 
 
Risk assessments are used in the environmental health sciences to calculate magnitude of health 
risk from exposures, which are, in turn, used to determine exposure limits. Different 
governmental regulatory agencies employ risk assessments.194 Figure 4 illustrates the National 
Institute for Occupational Safety and Health’s (NIOSH’s) risk assessment process.  
 
 
Figure 4. Process overview of NIOSH risk assessment. 
 
These steps involve: 
 
1) Hazard identification. A risk assessment begins with identifying hazards. In this step, 
potential health effects of the chemical of concern are evaluated. Toxicological data 
weighing the strength and nature of potential health effects are collected to determine 
which health effects to include in the risk assessment.  
2) Exposure assessment. Exposure assessments measure the magnitude of occupational 
exposure to chemicals. They are necessary to understand the frequency, duration, and 
intensity of occupational exposures through different exposure routes. The most common 
and most likely routes of occupational exposure are inhalation and dermal contact.  
Risk 
characterization
Hazard 
identification
Exposure 
assessment
Exposure-response 
assessment
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3) Exposure-response assessment. The exposure-response assessment evaluates exposure 
levels and the health effects that are observed at those exposure levels. This step produces 
a reference concentration (for air levels) or a reference dose (for ingestion levels) for non-
cancer outcomes and a unit risk for cancer endpoints. The reference concentration is a 
concentration of exposure that is likely to not produce significant adverse health effects 
for non-cancer endpoints during a lifetime. The unit risk for cancer endpoints calculates 
the risk of cancer given an exposure concentration.  
4) Risk characterization. Using the hazard and exposure information gathered from the 
previous steps, the likelihood or magnitude of an adverse event from inhalation exposure, 
non-cancer or cancer, can be calculated to inform risk management programs. For non-
cancer endpoints, one way to characterize risk is through hazard quotients, which are 
calculated using Equation 1.  
 
(Equation 1) !" = $%&'% 
 
HQ = hazard quotient 
EC = exposure concentration 
RfC = reference concentration 
 
When a hazard quotient is greater than one, the chemical is considered to be more likely 
to cause an adverse outcome. Alternatively, when a hazard quotient is less than one, the 
chemical is considered as less likely to cause an adverse outcome. The hazard quotient is 
not a probability, but an indication of potential for adverse health effects and it does not 
provide information on how much that potential increases or decreases.195 
 
For cancer endpoints, risks are calculated using Equation 2.  
 
(Equation 2) %& = ()& × $% 
 
CR = cancer risk 
IUR = inhalation unit risk 
EC = exposure concentration 
 
 
A comparative risk analysis would take the risk calculation or characterization from each 
chemical risk assessment and compare them to each other.  
 
4.3.3.1 Comparative risk analysis of methylene chloride and potassium hydroxide 
 
To supplement the results from the chemical alternatives assessment conducted by the 
electronics company and to further understand the risks associated with the different exposure 
pathways of methylene chloride and potassium hydroxide, I conducted a comparative risk 
analysis to compare the risks of methylene chloride and potassium hydroxide using existing data. 
The original methylene chloride case study also evaluated benzyl alcohol as an alternative; 
however, benzyl alcohol did not perform well in the metal cleaning application and so was not 
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considered further for the chemical alternatives assessment. For this reason, I also excluded 
benzyl alcohol from this comparative risk analysis. Only inhalation and dermal contact exposure 
routes were evaluated, as these are the mostly likely routes of exposure in an occupational 
setting.  
 
Hazard identification. Methylene chloride and potassium hydroxide have been associated with a 
number of acute and chronic health endpoints, summarized below and in Table 1: 
 
Methylene chloride. Short-term inhalation exposure to methylene chloride is associated with 
central nervous system toxicity, which includes dizziness, clumsiness, headache, nausea, and 
tingling or numbness of fingers and toes. This collection of neurological effects are the most 
often reported adverse human health outcomes associated with methylene chloride exposure.196 
Short-term inhalation exposure to methylene chloride can also irritate the upper respiratory 
system and result in shortness of breath, coughing, chest tightness, and asphyxiation.196 Short-
term contact to the skin and eyes can also result in skin and eye irritation.196 In some cases, 
chemical burns developed on areas where methylene chloride came in contact with the skin.197–
199 Acute inhalation exposure to methylene chloride (one to three hours of exposure) has even 
resulted in death where there was poor ventilation.197,199–207 
 
Chronic inhalation exposure to methylene chloride can result in memory loss, reduced 
attentiveness, personality changes, and depression.208,209 Long-term exposure has also been 
associated with reduced fertility and reduced sperm counts in men,208 and spontaneous abortions 
in women.210 Damage to the liver and kidneys has been observed in animal studies from 
intermediate and chronic exposures to methylene chloride.211–219 Human studies have not shown 
any association to organ toxicity from intermediate or chronic exposures, but studies are 
limited.196 Long-term exposure to methylene chloride does not appear to increase death rates.220–
222 Epidemiologic studies also provide evidence that chronic inhalation exposure to methylene 
chloride is associated with increased risks of brain cancer, multiple myeloma, biliary cancer, 
liver cancer, non-Hodgkin’s lymphoma, and breast cancer among women.196,223,224 The 
International Agency for Research on Cancer (IARC) and the United States National Toxicology 
Program (US NTP) both classify methylene chloride as a possible human carcinogen.225,226 
Repeated skin contact can result in contact dermatitis.196 
 
Potassium hydroxide. Short-term inhalation exposures to potassium hydroxide can result in 
upper respiratory tract irritation.227,228 Dermal contact with solutions containing at least two 
percent potassium hydroxide corrodes tissues resulting in skin lesions.227–229 Eye irritation can 
also occur from contact with potassium hydroxide dust or mist.227,228 
 
Chronic inhalation exposure to potassium hydroxide is associated with narrowing of the 
esophagus.228 Repeated dermal contact with potassium hydroxide can result in dermatitis.228 
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Table 1. Hazards comparison between methylene chloride and potassium hydroxide 
 
Carcinogenicity 
Central 
nervous 
system 
toxicity 
Reproductive 
toxicity 
Tissue 
corrosion 
Contact 
dermatitis 
Upper 
respiratory 
tract 
irritation 
Skin 
irritation 
Eye 
irritation 
Methylene 
chloride x x x   x x x 
Potassium 
hydroxide    x x x x x 
 
For this comparative risk analysis, I chose to focus on those health effects most well-known or 
suspected for each chemical, or health effects where there was enough data to calculate risk. 
These health effects were cancer and non-cancer endpoints for methylene chloride, and skin 
corrosion and upper respiratory irritation for potassium hydroxide. 
 
Exposure-response assessment. Risk assessments for methylene chloride have been previously 
conducted and the US EPA lists a reference concentration for non-cancer endpoints with 
inhalation exposure, and an inhalation unit risk for cancer endpoints. The European Chemicals 
Agency (ECHA) lists a reference concentration for non-cancer endpoints from inhalation 
exposure to potassium hydroxide.230 A reference concentration for dermal exposure does not 
exist for potassium hydroxide, but I used the results from a study that determined the 
concentration at which potassium hydroxide results in tissue corrosion (a binary outcome) from 
exposure to 0.5 milliliters (mL) of solution.229 These reference concentrations are listed in Table 
2. 
 
 
Table 2. Reference concentrations for non-cancer and cancer endpoints from inhalation and 
dermal exposure to methylene chloride and potassium hydroxide 
 Methylene chloride Potassium hydroxide 
Non-cancer (inhalation) 6 x 10-1 mg/m3  1 mg/m3  
Cancer (inhalation) 1 x 10-8 per µg/m3  n/a 
Skin corrosion (dermal) n/a 2% in solution 
 
 
Exposure assessment. Exposure assessments for methylene chloride and potassium hydroxide are 
lacking and especially so for this specific occupational setting. Therefore, I assumed a worst-case 
scenario for both chemicals using occupational exposure limits set by either governmental 
organizations or electronic brand. These exposure limits are displayed in Table 3, with the 
chosen exposure concentration utilized for the subsequent risk characterization in bolded 
characters.  
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Table 3. Occupational Exposure Limits 
 OSHA NIOSH ACGIH TLV Internal limit* 
Methylene 
Chloride 
PEL - 25 ppm (TWA), 
125 ppm (ST) 
REL - 25 ppm 
(TWA) 
TWA - 50 
ppm 
Ceiling - 1000 
ppm  
Potassium 
hydroxide 
Ceiling - 2 mg/m3 Ceiling - 2 
mg/m3 
Ceiling - 2 
mg/m3 
n/a 
OSHA – Occupational Safety and Health Administration 
ACGIH – American Conference of Governmental Industrial Hygienists  
PEL – Permissible exposure limit 
TWA – Time-weighted average (average exposure over an 8-hour period) 
ST – Short-term 
REL – Recommended exposure limit 
TLV – Threshold limit value 
*Occupational exposure limit from an electronic brand’s manufacturing restricted substances 
list 
 
 
Risk characterization. I assumed a worst-case scenario for each chemical, using the highest 
concentration limit set by a governmental agency or brand for exposure concentration. In this 
worst-case scenario, I also assumed the worker was not appropriately protected with personal 
protective equipment (i.e., no respirator, no gloves, no safety goggles). Table 4 presents the 
hazard quotients and risks calculated.  
 
Table 4. Comparative risk characterization of methylene chloride and potassium hydroxide 
 Methylene chloride Potassium hydroxide 
Hazard quotient 5783 2 
Cancer risk 0.03 n/a 
Skin corrosion risk n/a > 0.33* 
*To calculate the risk of skin corrosion from exposure to potassium hydroxide, I used the 
quantitative data from Vernot et al.229 to determine skin corrosion from potassium hydroxide 
solutions. The study determined a solution was corrosive to skin if at least two out of six of the 
rabbits tested developed skin corrosion after exposure to 0.5 mL of the potassium hydroxide 
solution. This criteria occurred with a solution that was 2% potassium hydroxide. The 
potassium hydroxide mixture that was chosen as the alternative to methylene chloride was 
40% potassium hydroxide. The risk associated with skin corrosion was determined by the 
number of rabbits that developed skin corrosion; in this case, at least two out of six. 
 
4.4 Challenges to and recommendations for incorporating comparative risk analyses with 
chemical alternatives assessments  
 
4.4.1 Challenges 
 
There are many challenges when identifying and implementing safer alternatives to chemicals of 
concern within the context of chemical alternatives assessments. The biggest challenge in 
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conducting chemical alternatives assessments is the scarcity of data.190 This challenge also 
applies to risk assessments and supplementing chemical alternatives assessments with 
comparative risk analyses will only amplify existing data gaps. This is evident in the previous 
comparative risk analysis where the lack of consistently designated reference concentrations 
provides tenuous risk comparisons. The lack of exposure data also creates difficulties in 
calculating more likely risks rather than relying on worst-case scenarios.  
 
Another challenge resides in deciding how to weigh risks. In the worst-case scenario analysis 
described in the previous section, the risk of cancer from inhalation exposure to methylene 
chloride is 0.03 whereas the risk of skin corrosion from dermal exposure to potassium hydroxide 
is at least 0.33. Cancer is considered the more hazardous health endpoint, but the risk of workers 
developing it is at least one magnitude less than the risk of workers getting skin corrosion.  
However, these risks may not be comparable because of the different risk characterization 
approaches to cancer and non-cancer outcomes. Deciding if more workers getting a presumably 
less hazardous health outcome is a challenge companies should address and justify. 
 
An additional challenge to incorporating comparative risk analyses with chemical alternatives 
assessments is implementation and compliance. Like the textile and garment industry, the 
electronics industry also outsources much of its manufacturing to other countries to take 
advantage of cheap labor and less stringent safety regulations. A brand, also known as an 
original equipment manufacturer (OEM), can have contractors that have their own operations 
that further contract out their work to sub-contractors that also have separate operations that the 
brand or OEM may not even know about (Figure 5). With this level of outsourcing, decisions 
about processing made at the brand or OEM level are even more difficult to implement and 
regulate, especially if Tier 2 or further sub-contractors lack the resources such as industrial 
hygienists to regulate worker safety.  
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Figure 5. Schematic of electronics manufacturing outsourcing. 
 
4.4.2 Recommendations 
 
The European Chemicals Agency oversees the safe use of chemicals in Europe and governs the 
European Union Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) 
program. The REACH regulation is in charge of protecting human health and the environment 
from risks introduced from chemicals. Any chemical manufactured or imported over one ton 
annually into the European Union must be registered under REACH. REACH places the onus on 
industry to identify and manage risks of any chemicals brought into the European Union; this 
includes conducting hazard assessments and risk assessments. This is in contrast to the United 
States, which places the burden of proof on the US EPA rather than on industry.  
 
In the absence of regulation like REACH in the United States, electronics companies are 
adopting their own methods to evaluate chemical safety in response to growing public awareness 
and concern. As part of this effort, companies should mimic REACH and adopt comparative risk 
analyses as part of their chemical alternatives assessment. If enough data is available, companies 
will need to determine which risks weigh more heavily if hazards and risks increase at different 
rates. In the methylene chloride case study, the company would need to decide whether to put 
more weight to a lower risk of a higher hazard than a higher risk of a lower hazard. These 
weights can be determined during the scoping step of a chemical alternatives assessment. Given 
the challenges to completing traditional risk assessments that calculate probability because of 
data gaps, qualitative risk assessments could be utilized to compare risks. In qualitative risk 
assessments, probability of risk would be determined with historical data and categorized using 
qualifiers such as “high likelihood or severity” and “low likelihood or severity” rather than by 
quantitative estimates. These qualifiers could be visually represented in a matrix to decide which 
alternative to substitute the chemical of concern (Figure 6). 
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Figure 6. A potential matrix to compare and rank chemical risks, modeled after the design 
failure mode and effect analysis matrix. 
 
If a chosen alternative still has some level of risk, a risk assessment conducted on that alternative 
would determine a reasonable occupational exposure limit and inform exposure prevention 
efforts to implement appropriate controls. However, this would require data, and so in addition to 
supplementing chemical alternatives assessments with risk assessments, increased exposure 
monitoring needs to be in place in manufacturing facilities.  
 
4.5 Conclusions 
 
Risk assessments are often considered unrealistic and time-intensive within the context of 
identifying and choosing safer chemicals,231 but in order to fulfill the goal of a chemical 
alternatives assessment to “minimize the potential for unintended consequences, like those that 
result from switching to a poorly understood (and potentially more hazardous) substitute”189 and 
make informed substitutions by reducing risk,189–191 risk needs to be fully understood. This 
cannot be done by hazard alone because risk is a function of hazard and exposure. To fully 
understand and reduce risk, risk assessments should be a necessary component of chemical 
alternatives assessments to truly inform decision-making and safer substitutions, and for risk 
assessments to be conducted, data is required. Most of the chemicals in use today are poorly 
understood because safety testing was not and still is not required during chemical synthesis in 
the United States. The burden of proof to prove a chemical’s safety should be placed on industry, 
as the European Union’s REACH regulation does, and not on governmental agencies. While the 
contents of this chapter only focused on occupational health, the health and environmental 
impacts along the entire life cycle of any alternatives must also be considered so as not to shift 
the burden of impact from one stage to another. This includes conducting environmental health 
risk assessments in addition to chemical alternatives assessments where occupational health is 
not the focus.  
 
With chemical regulations such as REACH in place, it makes business sense to follow 
sustainable practices; if United States chemical manufacturers want to maintain a business 
presence in Europe, they will need to follow REACH’s guidelines.232 Compared to the textile 
and garment industry, the electronics industry is years ahead in addressing the health and 
environmental impacts of its processes. However, because industries have failed to consider the 
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precautionary principle, the electronics industry suffers from the same lack of data to 
comprehensively conduct chemical alternatives assessments and risk assessments. The 
electronics industry and other industries have a real opportunity to pave the way towards 
innovation and more sustainable production. 
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Chapter 5 – Discussion 
 
In this dissertation, I set out to map a typical chemical’s journey through the United States 
chemical management system through the previous three research projects. As legacy chemicals 
are banned or phased out because of increasing evidence associating them with detrimental 
health effects, emerging chemicals that are often not studied beforehand replace the legacy 
chemicals and the cycle repeats. As more and more research come out with evidence of negative 
health effects, the public becomes increasingly aware of these issues and campaigns to make 
consumer products and manufacturing of these products safer bloom into existence. As pressure 
grows from outside forces, industry takes steps to find safer substitutions for whatever chemical 
is currently in the spotlight. My dissertation research represents these stages in a chemical’s 
journey beginning with current contamination levels of an emerging flame retardant (PFRs), 
followed by an evaluation of potential health effects of the emerging flame retardant, and closing 
with a discussion on the steps industry has taken to address increasing concern over the health 
and environmental effects of chemicals used in their manufacturing processes and the challenges 
they face because of a lack of appropriate chemical regulation.  
 
5.1 Summary of findings 
 
5.1.1 Organophosphate flame retardants in fire station dust 
 
The second chapter was a follow-up study to the FOX study that found elevated levels of the 
legacy flame retardant, PBDEs, in California fire station house dust in relation to other 
residential and occupational settings. This Fire Station Dust Study measured the legacy flame 
retardants, PBDEs, and the re-emerging flame retardants, organophosphate flame retardants, that 
are replacing PBDEs to meet fire safety standards in fire station dust across the United States. 
Some of the PFRs in dust were found on the same order of magnitude as some of the PBDEs and 
both were found at higher concentrations in fire station dust than other residential and 
occupational settings. The high concentrations of both organophosphate and PBDE flame 
retardants in fire station dust illustrate the need to identify and control for the sources of flame 
retardant contamination in fire stations. The elevated levels also underscore the fact that even 
though PBDEs are phased out, they are persistent and still contaminate many microenvironments 
where people are exposed. PFRs are also found on the same level as PBDEs underscoring the 
fact that fire station contamination is already high for a chemical about which we do not fully 
understand the health effects.  
 
5.1.2 Organophosphate flame retardants and male sex hormones 
 
Though organophosphate flame retardants have been around for decades, they are now 
reemerging as replacement flame retardants for the phased-out PBDEs. The third chapter looked 
at the association between prenatal maternal levels of urinary PFR metabolites and levels of sex 
hormones in male children aged 12 in the CHAMACOS cohort. The results indicated that the 
main PFRs found in the FireMaster formulation, TPHP and TDCIPP, were associated with an 
increase in FSH and a decrease in testosterone, respectively, albeit not significantly. Despite the 
non-significance of these associations, much is still largely unknown about these replacement 
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flame retardants that, as shown in the previous chapter, are already contaminating 
microenvironments at high concentrations.  
 
5.1.3 Combining risk and alternatives assessments to find safer substitutions for chemicals of 
concern 
 
In the fourth chapter, I highlight the role the electronics industry has taken to bridge the gap 
between older iterations of chemical innovation and public health and discuss the role of risk 
assessments in alternatives assessments and the challenges to completing risk assessments as 
observed through a comparative risk analysis I conducted to replace a chemical of concern 
within the electronics industry. Though risk assessments are considered an unrealistic approach 
to finding alternatives for chemicals of concern, they can still play an important role in 
identifying safer chemicals. If the alternatives in consideration are already existing chemicals 
that have been understudied, a risk assessment would greatly improve on a chemical alternatives 
assessment by providing the data needed to understand and characterize their human and 
environmental health risks. Risk assessments are also useful in creating standards for exposure 
and can keep original equipment manufacturers accountable for chemicals of concern that 
maintain a place on their manufacturing floors that are more difficult to replace because of a lack 
of suitable alternatives. It should be clear that a lack of suitable alternatives should not be a pass 
to continue using the chemical of concern, but instead a call to drive innovation using 
alternatives assessments to identify and use safer alternatives. Risk assessments should be 
performed periodically along with exposure assessments to ensure workers are not overexposed 
and emissions are under control.  
 
5.2 Conclusions 
 
Fire fighters are potentially exposed to elevated PFR concentrations in dust. The sources of these 
high concentrations need to be investigated to reduce their exposures and mitigate the already 
high chemical exposures experienced by fire fighters. Toxicological studies on PFRs have 
conflicting evidence and human health studies on PFRs are few and far between. PFRs are 
already seen on the same level of contamination as PBDEs and we don’t know enough about the 
health effects of these replacement flame retardants. This issue is not isolated to flame retardant 
chemicals. As seen through the electronics industry, solvents used in process manufacturing that 
have long been associated with acute and chronic health effects are being reevaluated for safer 
alternatives. Some of these alternatives are existing chemicals that have not been assessed in the 
same way as the chemicals of concern and so risk assessments should still be conducted in 
concert with alternatives assessments in finding safer substitutions.  
 
Chemical management in the United States is complex and difficult to enforce. These intricacies 
often result in replacing problem chemicals with understudied chemicals that can be potential 
regrettable substitutions. While the research I laid out still needs to be done, research invoking 
the precautionary principle also needs to take place before more chemicals are created that can 
damage human and environmental health systems. Moreover, this principle should be applied to 
the entire life cycle of a chemical to avoid burden-shifting to another stage in the life cycle. We 
have had decades to see this pattern. It is unnecessary to wait another decade or more to see the 
safe use of chemicals. 
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